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Preface

Over the past decades, an electrical distribution infrastructure has been built to
connect the transmission network to the customers where residential, agricultural,
and buildings are connected with overhead lines, electrically energized from the distribution substation. Power flow has gone from the transmission network through
distribution feeders, then laterals, serving all connected utility’s consumers one way.
This is referred as a unidirectional direction of power flow. The characteristics of
such a network are often operated in radial and unbalanced configuration. Since
smart grid vision has been promoted under Obama administration, the distribution
grid has undergone a significant transformation, such as the massive deployment of
“smart” meters at each household, as well as the computerized automation to assist
in locating the exact location of a fault. More importantly, the grid has also been
connected with networked microgrid, distributed energy resources (DER), and electric vehicles. Hence, the power flow is bidirectional. The major contribution of this
thesis is to provide the analytical method of extension by using “Backward/Forward
Sweeping Techniques” (also known as Ladder technique), with equivalent impedance
superposition model, to enhance the voltage-controlled DER. Such formulation also
includes the algorithms of forming a larger impedance matrix, demonstrating the critical aspect of Thevenin circuits to initialize the currents across a feeder. This thesis
emphasizes on homogeneous inference of a faulted location in latter chapters.
xvii
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Abstract

The electrical distribution system has evolved with embedded computer systems that
can better manage the electrical fault that occurred around the feeders. Such random
events can affect the reliability indices of overall systems. Computerized management
system for distribution operation has been improving with the advanced sensing technologies. The general research question is here to articulate is the responsiveness for
utility crew to pinpoint the exact location of a fault based on the SCADA fault indicators from pole-mounted feeder remote terminal units (FRTUs). This has been
a tricky question because it relies on the information received from the sensors that
can conclude fault with logic’s of over currents. The merit of this work can benefit at
large the grid reliability because of time-saving in searching the exact location of a
fault. The main contribution of this thesis is to utilize the 3-phase unbalanced power
flow method to incrementally search for narrowing the localization of electrical short
circuits. This is known as the reversal of the typical short circuit approach where
a location of the fault is presumed. The 3 topological configurations of simulation
studied in this thesis exhibit the typical radial configuration of a distribution feeder
have been researched based on unidirectional and bidirectional power flow simulation.
The exact fault location is carried in two steps. Firstly, a bisection search algorithm
has been employed. Secondly, an incremental adjustment to match the simulated currents of fault with the measurements is conducted. Finally, the sensitivity analysis
xxiii

of a search can be improved with the proposed algorithm that leads to matching of
telemetered and calculated values. The analysis of exact fault location is carried in
unidirectional and bidirectional flow of power. Distributed energy resources (DER)
such as residential PV at a household level as well the wind energy changes affect the
protective relaying within a feeder as well as the reconfigurability of the switching
sequences. Furthermost, the bidirectionality of power flow in an unbalanced manner
would also be a challenging issue to deal with the power quality in automation. Finally, the simulation results based on unidirectional and bidirectional power flow are
extensively discussed along with the future scope.

xxiv

Chapter 1

Directionality of Power Flow

1.1

Introduction

Over the past decades, the top-down power transfer from the bulk generation to enduser consumers has been the salient part of power engineering and system design. This
forms a unidirectional sense of power flow from distribution substations to consumers.
However, due to the massive deployment of renewable distributed energy resources
in medium-voltage (MV) and low-voltage (LV) distribution networks, it implicates
overall system design in analytical methods as well as the protective relaying. Both
unidirectionality and bidirectionality of power flow have implicated the search of fault.
This chapter provides an overview of state-of-the-art technologies and development,
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exploring these major two directions of power flow and potential application in outage
management systems (OMS) in distribution dispatching center (DDC).

1.2

Unidirectional Direction of Power Flow

A power system is a non-linear system where the voltages and currents are state
variables to be identified using the iterative numerical methods. This steady-state
analysis is what has been used in power engineers in operation or planning to get a
sense of system condition whether or not if a feeder is overloaded or any violation of
voltage along the feeders and laterals. The approach employed would provide a global
view of system states where the guarantee of solutions is defined by the convergence
of solutions. Hence, it is imperative that the analytical methods addressing the
balanced nature of distribution feeders. For the remainder of this section, operation
and planning of distribution feeders, fault identification methods, and the new sensing
technologies are introduced and elaborated in the distribution system.

1.2.1

Steady-State Approach

Load flow or the power flow is defined as the solution for the static operating condition of an electric-power transmission system, and is the most frequently performed

2

of routine digital-computer power network calculations. Preceding to and some time
after the emergence of the digital computers, network analyzers were used to obtained
the load-flow solutions. The first practical automatic digital solution methods was
first cited in the literature in the year 1956. As the first generation computers required minimal storage for data so Y matrix iterative methods were best suited for
these computers. The main disadvantage of these Y matrix iterative methods was
that they perform satisfactory operation on some problems where they perform solve
convergence but sometimes not at all. This disadvantage was overcomed by the Z matrix which converge very efficiently but requires large storage and fast speed when
dealing with large power systems. At the same time the method that shown powerful
convergence properties was Newton-Raphson method but the computational speed of
this speed was slow as compared to other methods. Many methods for power system
network computation was invented in the mid - 1960’s and also some best methods
was invented by Tinney and others which were very effective. During these years
the success was in rigorous improvement in computing speed as well as the storage
requirements of the Newton-Raphson method which is now regraded as the most efficient method in the calculation of the load flow approach and widely used in many
industries. When the increasing complexity of the power system , different online applications and optimizing the power system, new methods are been developed which
are expected to find wide range of applications. Load flow calculations are used in

3

power system planning, power system operations and control and also used to multiple cases such as outage security assessment and complicated calculations involved
in power system optimization and stability [1].

Due to the such appealing properties such as linear, non-complex, bilateral and stateindependent, DC-type of power flow model can be helpful during analytical and computational calculation in the power system. The use of linear MW-only DC network
power flow models are extensively use in congestion-constrained market applications.
They are also used where the network voltage and VAr conditions are effects are very
minimal. But they have better advantages over AC power flow model. As compared
the solution of the DC power flow models are non-iterative, reliable and unique, and
the methods and softwares the DC power flow models used are relatively simple. The
usage of the network data is minimal and its very easily obtained. The linearity graph
of DC power flow models matches with the economic theory which is based on transmission oriented market design [2]. The main disadvantage of DC power flow is that
its linear approximation model is not suitable if the distribution systems have high
R/X ratio and also performing unbalanced operation. But the linear approximation
can be used on a complex not with radial topology and PV nodes but by considering
distribution generators with the unity power factor [3].
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1.2.2

Unbalanced 3-Phase Circuits

Many of the new and existing approaches assumes that the for designing the distribution network reconfiguration the distribution system is three phase balanced as well
as single phase equivalent. But due to the enormous number of single phase loads,
non symmetrical conductor spacing as well as three phase line topology the distribution feeders are considered as unbalanced network. But still various distributed
generation (DG) can be integrated into the system so that bidirectional flow of power
is possible. Using the sensitivity analysis and nonlinear programming the locations
of three-phase bus as well as the sizes of distributed generation are determined and
the distribution feeders are reconfigured every hour depending on the variation of the
loads and output power given by the DG and at the same time the faults that are
occurring on the system. This is done in accordance that the system losses will be less
and minimal operating costs of the DG. Due to the implementation of this method
computational efficiency and the effectiveness of the system is improved.[4].

1.2.3

Distribution Feeder Reconfiguration

Due to the increased generation and the capital costs in the distribution systems
motivated the distribution engineers to apply knowledge to improve the operation of

5

the distribution systems.Feeder reconfiguration is defined as altering the topological
structures of distribution feeders by altering the open/closed states of the tie switches
as well as sectionalizing [5]. By applying the feeder reconfiguration technique, the
switches are designed in such a way that they are allowed to change the status(either
ON/OFF) to improve the power flow in the distribution system in time varying location as well as time varying distribution loads. The end result of this technique
is that by switching to the better distribution loads resulted in better efficiency and
system I-squared-R losses decreases. The feeder reconfiguration in integrated with
three-phase feeder sectionalizing devices, three-phase capacitor banks and a proper
operation scheduling which will dynamically reconfigure the system in order to optimise the loads variations on daily, weekly and seasonal load variations by reducing the
system losses and increasing the efficiency [6]. In addition to changing the switching
sequences of the switches, a load balance index is defined which will approximate the
load balancing. Estimation methods and the search method are two different power
flow approximation methods which are used to calculate the new power flow in the
distribution systems after a branch-exchange and by using the power flow equations
which are developed for radial distribution systems. The advantage of this estimation
method is that it take into account the active and the reactive power flows for computational calculations and give very conservative results.The end result is improved
performance of the system [7].

Due to the various switching options, results into voltage problems, overloads and
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other operating constraints that are associated with the power system protection.
So in order to eliminate these problems as soon as possible in distribution systems,
a heuristic search strategies are adopted which evaluate the best first tree and also
helps in reduction of the search space [8]. It is approximated that the about 5%
to 13% of the total generated power is lost in the form of the I-squared-R losses.
These losses can be reduced and can result in substantial savings for the electric
utilities by implementing the loss minimization techniques which is of one of the best
features of the Distribution Automation (DA). The loss minimization technique is a
combination of linear programming method which uses the transportation technique
and new Heuristic Search method. While the linear programming method in the form
of transportation algorithms is nit suited for the real time monitoring of the feeder
configuration but the Heuristic approaches which is not optimal helps in substantial
savings of losses if it formulated properly and is used for real time monitoring of the
feeder reconfiguration [9].

Due to the radial configuration, only unidirectional flow of power is possible except
for some short duration of time. But in complex feeder structures like distribution
systems integrated with Distribution Management Systems (DMS) it is required to
model bidirectional feeder models which helps in system-reconfiguration or service
restoration functions. This paper describes three bidirectional feeder models in order
to simplify distributed system calculations. The bidirectional voltage drop model is
the first model used to simulate the total series voltage drop at the extreme end of
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the feeder. The second model is bidirectional line-loss model which represents the
total copper loss of the feeder and the third model which is a hybrid model is called
the bidirectional hybrid model which is used to model both the total voltage drop
and feeder loss. This models are used to reduce some complex feeders into equivalent
simple models for the study of voltage profile and losses with very minimal error even
if the power feed to these feeders change dynamically [10].

The extended fast decoupled Newton-Raphson method which helps in reconfiguration
of modern distribution networks uses information from the network switching equipment status (either ON/OFF). The advantage of this method is this method can be
applicable to distribution networks which have high R/X ratio lines. The power flow
calculation by the fast decoupled approach becomes possible due to complex per unit
normalisation technique. The simulation results proved that this method qualifies
as the most relevant computational tool for network reconfiguration which involves
emergent distribution systems [11].

In the modern grid due to the cyber physical nature it is possible for the active
power entities to exchange information signals between one another in order to take
intelligent local actuation decisions. It is becoming common in today’s electric grid to
have effective coordination between these cyber enabled entities with high fluctuating
power components such photovoltaics, wind energy and electric vehicles with the help
of signal exchanges. A decentralized topology reconfiguration algorithm is adopted
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for the distribution network that will adapt itself in real time with the unexpected
perturbations and congestion’s to restore back the balance in the loads and improve
the voltage profile. With the help of individual agents that are available in the
distribution network continuously exchange signal with the neighboring nodes and
make use of their information for taking decisions regarding switching of local line.
This algorithm works best for power system where bidirectional flow of power is
adopted. [12].

1.2.4

Fault Location and Diagnosis

Distribution feeders of the electric power system are prone to faults which occurs due
to various situations such as accidents, unfavourable weather conditions, equipment’s
failure, etc. These faults results in into the problems related to reliability of the service
as well as customer power quality. In the earlier days, due to the recloser lockout or
the blown fuse results in the interruption of customer supply was the key for factor for
determination of of service reliability. But with the advancements in the technology
sensitive customer loads such as power electronics devices and adjustable-speed motor
drives which are very sensitive to the voltage sag are introduced in the distribution
system. Due to these devices temporary self-clearing faults become difficult. Power
utilities perform the task of fault location as well as fault diagnosis depending on the
outage reports by the customers. When trouble calls are received from the customer,
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then the dispatchers checks the configuration map and the protection design manual
in order to determine the outage area. The outage area is patrolled by the crew
to locate and diagnose the fault which can be time consuming and rigorous task.
Also temporary faults are hard to detect because these types of faults are not caused
because of blown fuse and evidence of the fault cause and location is not available.
Around in late 2000, an automated distribution system was proposed which is used
for fault location and diagnosis. The information is collected from the substation
digital transient recording device along with the knowledge of the feeder configuration
and protective coordination which is contained in the distribution database. Such
system will benefit in speed up the restoration service because it give more accurate
fault location indication [13]. Due to automation in the distribution systems of the
electric utilities, there has been an increased focus on the automated remote control
of the distribution feeder sectionalizing and deployment in order to improve the time
required for the service restoration on the unfaulted feeder and also for load transfer
between the feeders. Digital processor algorithms are used for the determination of
the fault location and then switching instructions are generated which is based on
tree searching techniques[14].

The distribution systems has an unbalanced nature because of single phase laterals
and loads which give rise to difficulty in finding fault location. In order to overcome
this problem, an direct circuit analysis based fault location algorithm is developed
for unbalanced distribution systems [15]. One of the most interesting features of the
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smart grids is realization of self healing networks. Fault location is considered as the
most important application between intelligent monitoring and outage management
tasks. Various intelligent electronic devices(IED) are installed throughout the power
system in order to gather accurate data which in turn use smart approaches to detect
faults in distribution system [16]. Traditional impedance based fault location consider
that the all the feeders in the distribution systems will have the same impedance
characteristics. If the feeders have branches and other line sections consisting of
various types of conductor and tower configurations then it will introduces errors on
the feeders. A new impedance based method uses a detailed feeder model along with
fault event reports and in addition with the information from the intelligent field
devices for the estimations of all fault locations. This method determine the fault
location within a minute after the fault occurs [17].

In order to improve the reliability and outage duration reduction fault indicators (FIs)
which are fault indicating devices are widely used in the distribution systems. FIs
are equipped with communication interfaces and then are integrated into distribution
system to reduce the fault timing by reporting the status to control center. Whenever
the fault occurs, the system operators receives the information from Outage Management System (OMS), Trouble Call System (TCS) and Customer Information System
(CIS). Due to this, identification of faults on line in vast distribution system becomes
difficult when n number of faults occurs at the same time and distributed generators
(DGs) are connected. The line sections neighbouring to the FIs are considered as
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possible fault location (PFL) and line current (LC) is the fault current detected by
the FIs. A relationship matrix is developed between the possible fault location (PFL)
and line current (LC) and is adopted to detect the fault in very effective and efficient
way. This method can be used in distribution systems where bidirectional flow of
power is required as this method used distributed generation (DGs) to detect the
fault in the lines [18].

1.2.5

Smart IP-Based Meters in LV Network

With the recent advances in the measurement and the communication systems, the
power utilities are exploring new efficient and solutions to improve the automation
as well as the monitoring of the distribution systems. The advancement provides
a two way communication of the meter, real time monitoring of the information
such as power outages, voltage sags and consumption. Due to this advancement
the smart meter have achieved the potential applications well beyond of just meter
reading for monthly consumer billing purposes. One of the application of the smart
meter is regrading the fault management, because faults creates problems such as
power outages, power quality and power interruptions problems, voltage sags and
heavy operational costs. In order to estimate the fault location in the distribution
systems, voltage measurements are taken from the smart meters which are installed
at different locations on different buses. The fault current which is calculated on the
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basis of the bus impedance is related to the voltage deviation of depicted by each
meter. To improve the precision of the method, the loads are considered to have
constant impedance [19].

With the growing improvement in the smart meters technology smart meters can be
used for outage management. To improve the service restoration in the distribution
systems, the voltage monitoring capabilities is combined with the impedance based
fault location method. With the application of the impedance based method the fault
location is roughly estimated. Since the result of this application is the estimated
distance from the fault and as the distribution system network is complicated which
involves multiple nodes and multiple branches it is very challenging to detect the
exact fault location. The voltage monitoring capability of the smart meter is used to
build the low voltage zones (LVZs).This capability will helps to decrease the number
of multiple estimations carried out by the impedance based methods and designed a
systematic approach to build the low voltage zones which increases the efficiency of
the time required to clear the fault [20].

Power Flow (PF) and power system state estimation (PSSE) are the important components of planning, monitoring and control of electricity networks.These problems
were previously studied for transmission networks and but there is growing interest for using novel methods in distribution systems. Due to shortcomings in the
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instrumentation, the challenges the distribution grids is facing are observability issues. The electric utility operators monitor the distribution system by monitoring
current,voltage and load magnitude measurements at some buses. With the increase
use of renewable energy resources (DERs) there is a utmost need of grid obervability
both in space as well as time so that objectives of the grid dispatch such as power loss
minimization and the voltage regulation can be achieved. This can be achieved with
the help of smart meter data which is readily available as well as with the help of
smart inverters installed in solar panels and electric vehicles which can be controlled
within fraction of seconds. Both these technologies can be integrated into the system
in order to enhance the observability in distribution systems. [21].

1.2.6

Optimal Power Flow

Feeder reconfiguration involves changing the topology or the structure of the distribution systems by altering the open/close status of the switches that will occur
during both normal and abnormal conditions. Algorithms were developed for the two
purposes mainly service restoration as well as load balancing with the combination of
optimization techniques with the help of heuristic rules and fuzzy logic which increases
efficiency and the robust performance of the distribution system. service restoration
can be achieved by isolating the faulted area and at the same time supplying power
to the unfaulted out of service area and minimizing the problem of load shedding.
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Load balancing will helps to distribute the load in the distribution system evenly
due to which optimal power will flow. The algorithms solves the concerns regarding
operating constraints, optimize selection of switching operation as well as system coordination along with many other distribution automation functions [22]. In addition
to these functions, the benefits of above configuration includes power restoration in
the outage portion of the distribution system in a timely manner which reduces the
average outage time and reduces overloads on feeders by shifting it to the adjacent
feeders in real time which will reduce capital expansion projects costs, reduces resistive line losses which in turn reduces the operating cost of the distribution system
[23].

In the past, service restoration was carried using heuristic approach and expert systems which were developed to determine the restoration plans and building look
up tables for the distribution system personnel. Also fuzzy set theory and network
reduction methods were applied to reduce the outage time. For large scale radial
distribution system, a quick and effective service restoration algorithm which allows
multi-tier or system-wide switching as well as capacitor control actions is developed
which is constrained on multiple objective optimization problem. In this method
manual switches are used from the information received by the three-phase power
flow analysis which will optimise the system the total load depending on the priority with the help of minimum number of control actions as well as the geographic
distance. This method avoides multi-tier switching [24].
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In an automated distribution network, feeder reconfiguration is necessary so that
the distribution system can operate in an optimum performance. Considering that
optimum performance of the distribution system includes no overloading of cables
and transformers, optimum voltage profile, minimum losses, absence of imbalances in
phase voltage and phase current, only performing network reconfiguration alone is not
sufficient. In addition, techniques for rearrangement of the phase between the specific
primary feeder as well as distribution transformer banks is required. Also there is
a need of dynamic phase and load balancing for a feeder with radial structure.To
accomplish this, a neural network in addition with the heuristic approach will enables
variety of reconfiguration switches which are to be either turn ON or OFF which will
switched between different phases in order to keep the phase balanced [25].

The functions which are carried out by an Advanced Distribution Management System (DMS) are monitoring each and every component and using dynamic state estimation performing protection. Synthesizing the real time model of the entire feeder
after the information about the estimated states are received by the DMS. Performing
upper level optimization i.e. operations planning and real time control that’s comes
under lower level optimization by using the real time model and finally applying the
proper control, so that the system will operate optimally. These functions are extremely necessary in the distribution feeder where bidirectional flow of power takes
place so that the power in the distribution system will be reliable and used optimally
[26].
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1.2.7

Distribution System Planning

Distribution system planning includes developing a efficient and static optimization
model for the network expansion. This efficient model can be used to find the most
optimal design for a particular distribution system or optimal design for the previous
distribution system in order to meet the load demand. The optimization variables
consists of rating and location of the new substations that need to be installed, number
of the substations, sharing of load between the substations as well as the topology of
the feeder and the feeder cross-sectional area. The design will reduced the variable as
well as annualized fixed costs and at the same time satisfying the system’s operational
constraints [27].

Feeder reconfiguration in the distribution system is related to the closing and the
opening of the switches in order to satisfy the objective and at the same time following
the operating constraints. For normal operation, the constraints are to avoid feeder
thermal overloads, abnormal voltages and transformer overloads and at the same
time minimizing the power losses. For the emergency cases, the system needs to be
arranged in such a way that maximum customers can have electrical supply in case of
fault or outage. Feeder reconfiguration program is considered as real time control tool
which proves to be helpful in power system planning. Along with the planning, it is
also helpful to predict the configuration of the distribution systems for different cases.
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In Distribution system power flow planning improves the operating condition of the
system and allows the full utilization of the preset system hardware capabilities. The
end result is reduced capital cost as well as reduced operating cost [8].

1.2.8

Protective Relaying

Distribution system protection includes recloser or circuit breakers. These are the two
most important components of the distribution networks which is used to achieve the
basic requirements of the power supply such as reliability, safety and quality. The
system protection is used to clear faults and limit the damage caused to the equipment’s. The protection system must provide reliability, speed and selectivity to the
power system on which it is installed. Reliability of the protection systems depends
on two factor namely dependability and security. These factors will guaranteed that
the protection system will behave properly when the fault occurs on the distribution networks. An excellent coordinated protection system has sensitivity which will
disconnect the minimum section of the network during fault isolation. Variety of protective devices such as over-current relays, reclosers and fuses are used in distribution
systems [28].

During the normal operation of the distribution system, the feeders are reconfigured
by changing the states of the switches either open or closed in order to achieve load
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balancing and loss reduction. So far the switches switching operation was determined
by considering constant load conditions. As the loads are always changing and due
to the limitations that are imposed on the life expectancy of the switches, feeder
configuration remains in a service for a certain period of the time. So a heuristic
search approach has been developed to determine better feeder configuration which
will adapt to the changing load conditions. Using this approach the appropriate
location of the fuses are determined in the distribution systems. A region in which
the switch operations are allowed in the feeder reconfiguration are identified. Due
to this approach, efficiency of the switching operations for loss reduction or for load
balancing have increased significantly [29].

Protection systems includes a Distribution Automation System (DAS) which is an
automatic system used for power distribution systems which carries out remote monitoring as well as control of Automatic Switches (ASs) from the central server. A
DAS consists of both manual as well as automatic switches. The manual switches
are controlled by the humans as they are installed at the location of operation while
the automatic switches which is an important element of DAS is controlled by a DAS
server. A DAS server sends the command to the FRTU or a recloser which then sends
the control signal to the automatic switches and circuit breaker. The advantages of a
DAS are voltage profile improvement and power factor management, loss minimization, fault section minimization and restoration. The composition and placement
of the automatic switches leads to the better operation of the DAS and they play
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a critical role when they are installed in power system with number of distributed
generation. But at the same time if the number of automatic switches increases it
also increases the cost and the maintenance of the distribution system. Therefore an
algorithm should be used for optimal composition as well as placement of automatic
switches in distribution automation system [30].

1.3

Bidirectional Power Flow

Distributed generation is the new key elements that has been introduced feeders
where networked microgrids are the collective elements that may introduced netzero or net-negative loads. New addition includes battery, plug-in electric vehicles
(PHEVs), Photovoltaic (PV) panel that can play the crucial role in introducing the
reconfigurability of the interconnected feeders that are radially energized with tie
switches. This section revisits some of the already deployed new additions in the
distribution system.

1.3.1

Advanced Metering Reading

Meter reading technology has been evolving because of the advances in the technology
in computerized technology as well as power electronics. Nowadays electric utilities
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are deploying more and more automatic meter reading (AMR) in the distribution
system.With the help of radio networks and telecommunication networks the billing
process has become automated resulting in the savings for the utility as well as for
the consumers also. In addition to this these meters enables a real time communication between the consumers and the electric utility. AMR consists of communication
modules which transmits data to an intermediate gateway device via a radio frequency. This data is sent to the central computer where it populates a database.
The database gives the information regarding real time usage, total usage as well as
daily usage to the electric utilities. The functions performed by the AMR are on
demand meter reading, theft or tamper detection, easy access to the outages which
significantly reduced the fault location time and fault resolution time. The utilities
don’t have to rely on the customers call for the outage information. The customers
call regrading outages are reduced where AMR are deployed [31].

1.3.2

New Addition in Distribution Network

In the modern distribution system which consists of distribution generation (DG)
and renewable energy sources (RES) bidirectional flow of power is possible. The
asset which includes in these distribution systems are battery, photovoltaics (PV)
and plug-in hybrid electric vehicles (PHEVs) and electric vehicles (EVs).
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1.3.2.1

Lithium-ion Battery as Energy Storage

Distributed Generation (DG) and Renewable Energy Sources (RESs) are growing
exponentially which are moving towards smartgrids because of design change and
operation in distribution systems. With the development of microgrid which is the
another form of smartgrids the role of energy storage system(ESS) or battery is becoming important. The ESS helps in not only solving the randomness as well as
uncertainty in RESs but also play a significant role in power flow control, energy
management and reliable electric supply to the customers. The technical as well
as the environmental benefits of the distribution network operators (DNOs) are enhanced due to the economic dispatch of the ESS.There is need to enhance the present
ESS technologies in microgrids and also appropriate treatment for uncertainty handling and various other ESS technologies. ESS includes different technical as well
as economical aspects such as lowering the cost while supplying the power in the
microgrids, improvising the battery life and emission reduction, risks minimization,
demand and generation balance, reduction in the cost of energy purchased from the
grid and lastly increasing the reliability of the supply. But due to high price of the
battery, it not currently used widely in microgrids system.[32].

The over-voltage problem in microgrids can be reduce with the help of integrating
the energy storage systems to store excessive energy rather than curtailing it. The
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ESS are very compact and helps in maintaining the voltage profile of the residential
distribution system in terms of Time Shift which means storage charging energy
during off peak hours and discharging the energy stored during peak hours. For high
power and small duration applications, low energy density and deep discharging of
non battery-type ESS like the electro-chemical capacitors are used. For residential
distribution systems which comes under high energy and long duration applications,
ESS is widely used [33].

1.3.2.2

Plug-in Hybrid Electric Vehicles (PHEVs)

The traditional view of industrial systems are reshaped due to the economics and environmental incentives and advances in the technology. The future presence of electric
vehicles in personal transportation sector have held together because of decreasing
the dependency on fossil fuels and also reducing emissions [34]. The introduction
of enormous number of plug in hybrid electric vehicles (PHEV) and plug in hybrid
vehicles (PEV) into the automotive market which increases the technical problems
which are related to the industrial information technologies in next ten years. So,
there is an immediate need of in-depth knowledge regarding to the electrification of
the transportation in the growing industrial environment. In order to support the
emerging electric vehicles technologies it is very important to collaborate the partial
and the conceptual knowledge of industrial informatics [35].
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Due to the stochastic charging behaviour in plug in hybrid vehicles (PHEV) which
occurs in various charging strategies arises new challenges such as feeder overloading
and loss increase in distribution networks. In this way, the larger penetration of
these vehicles makes it compulsory to employ new operative tools which will inspect
the impact of these vehicles on electrical grids. Therefore, the krill herd optimization
algorithms which is one of the novel optimal stochastic reconfiguration methodology is
used to moderate the charging effect of plug in hybrid electric vehicles (PHEV) which
changes the topology of grid by using some remote controlled switches. Various
uncertainties that are associated with network demand, energy price and charging
behaviour of plug in hybrid vehicles (PHEV) in different frameworks are handled
using Monte Carlo simulation. Numerical studies on distribution systems shows that
the reconfiguration improves the system performance when plug in hybrid electric
vehicles (PHEV) charging loads are considered [34].

In addition to this, a novel stochastic dynamic programming technique is used to
study the optimal topology and the maximum capacity of the distribution systems
in order to accommodate the charging demands of the electric vehicles (EV). This
method finds the optimal feeders tie switch locations and also their associated on/off
schedule which will minimize the operation costs and also satisfies the constraints of
the system operation [36]. Also a self-adaptive evolutionary algorithm which is based
on symbiotic organism search (SOS) is adopted to as a reliability-enhancing strategy
which helps in coordination of vehicle-to-grid (V2G) plug in hybrid electric vehicles
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(PHEV) in a stochastic framework [37].

1.3.2.3

Residential Photovoltaic (PV) Solar Panels

Due to the favorable technical, economical and environmental factors, the energy
sector has entered into an era where the energy demand is partially ,met by the
renewable energy resources like photovoltaics. Every year the energy production of
rooftop photovoltaics is increasing by around 16-20%. Due to these renewable energy
resources bidirectional flow of power is possible in distribution systems. But excess
penetration of photovoltaics in distribution systems leads to many technical problems
such as over-voltages issues at the end of the feeder in the distribution networks particularly in the overhead transmission lines. By conducting the instantaneous demand
forecasting and power measurements injected by the distributed generations (DGs),
the on-load tap changer (OLTC) settings can be changed to enable high generation
from the DGs as well as without violating any voltage levels. A complex algorithm is
required which will allows a reliable communication regrading data exchange between
the DGs and the loads [33].
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1.3.3

Redefining Grid Resiliency

Resiliency in power system is defined as the ability of the network to minimize the
negative impacts of infrequently occurring adverse events. Low frequency and high
impact events are termed as unfavourable events. Analytical hierarchical process and
the percolation process methods are used to quantify and enable the resiliency of a
power distribution system. This method can be used to carry out quantitative analysis to analyze the impact due to the possible control decisions taken in order to
proactively activate the resilient operation of the distribution system by integrating
other resources and multiple microgrids. The short term distribution system planning used developed resiliency metric. This is very helpful to distribution planning
engineers and operators to take certain control actions, with a detailed comparison
for using different reconfiguration algorithms and develop proactive control actions
to prevent power system outages due to the catastrophic situations or adverse conditions. This method improves the resiliency of the system using multiple microgrids
along with two stage reconfiguration algorithms [38].

Microgrids with distributed generation (DGs) is a resilient solution if the major faults
occurs on the distribution systems due to to natural disasters. A novel distribution
system operational approach is formed by integrating multiple microgrids energized
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and de-energized with distribution generators (DGs) from the radial distribution systems which will help to restore the critical loads when the power outage occurs.A
mixed integer linear program is executed in such a way that it will maximize the
critical loads along the following the criteria for self-adequacy and operation required
for the microgrids formulation problem by controlling the ON/OFF function status
of the controlled switch devices which are operated remotely and the distributed generation (DG). The formed microgrid is used for power quality problems and it is then
connected to the larger microgrid before the main grids restoration is complete [39].

Smartgrids technologies can decrease the number of consumers affected by the long
power outages which increases the system reliability through automation switches in
order to restore the supply. Such technologies are reactive in nature i.e. they will
carry out their function only when the fault or power outages occurs. Due to this
function, it is assumed that unfaulted phase are healthy and capable of power flow.
A automated as well sophisticated real-time analysis of electrical waveforms of the
feeder are used for prediction of the failures and determine the health of line apparatus as well as distribution lines. Intelligent systems for improved reliability and
failure diagnosis in distribution systems. Due to this reliability of the system will increase because the fault will be detected, located and repaired before the catastrophic
event or outage occurs. The failured are detected using intelligent distribution fault
automation (DFA) algorithms [40].
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Due to the scarcity of the power generation resources the continuous operating time
(COT) is used to determine the accessibility of the microgrids for restoration of the
critical load as well the for accessing the service time by taking into account the
uncertainties which occurs due to the intermittency of renewable energy resources
and the load. To overcome this problem a two stage heuristic approach is developed.
In the first stage, a strategy table is prepared which contains the information of all
possible restoration paths and in the second stage a linear integer program is used to
obtain the strategy for critical load restoration [41].

In distribution systems when multiple microgrids are integrated with distributed generation serves as a resilient solution for the critical load to restore from natural disasters. As the number of microgrids increases, continuous variables and dummy
variables also increases which increases the complexity of the model. By using sectionalizing switches, the distribution system forms a different network in such a way
that one DG is associated with one microgrid in order to make the system adequate
enough. Due to this configuration, number of binary and continuous variables are
reduced thereby increasing the computational performance [42].
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1.3.4

Extensive Planning Against Natural Disasters

Today, for the whole society the fundamental issue has been the improvement required
for resiliency of power grids against natural disasters. Due to the hurricanes and
extreme weather conditions resulted in human casualties and enormous economic
losses. The propaganda of the electric utilities is to supply continuous and reliable
power it is extremely important to to upgrade the technologies in order to increase the
resiliency of the existing power system or grids against the natural disasters. For a
resilient distribution network planning problem (RDNP) a robust optimization based
decision support tool is used which minimizes the system damage by coordinating
both hardening and the distributed generation resource allocation. The effective tool
reveals that the distributed generation (DGs) plays an important role in increasing
the resiliency of the distribution network in terms of microgrids against the natural
disasters. Distributed Generation (DGs) also plays a critical load in bidirectional
flow of power and also improve the power quality, reduces the system losses and helps
in enhancement of the reliability of the supply. When the main supply interruption
occurs during any natural disasters DG are served as backup generation [43].
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1.3.5

Outage Coordination and Management

The critical performance index of a power system is the reliability. According to the
report by customer outage statistics 80% of the service interruptions occurs due to
fault or the failure of the components in power distribution systems. The reliability
of the distribution system is enhanced because of use of the advanced technologies
such as remote controlled switches which are adopted to detect faster detection of
the fault and also helps in faster system restoration. Distribution automation consists of Supervisory Control and Data Acquisition (SCADA), outage management
systems (OMS) and Distribution Management Systems (DMS) which are deployed
in distribution operating centers. Quick fault location identification and activation
of the protective devices by the fault is the most critical function in outage management. With the ongoing research in smart grid development, various smart meters
and the fault indicators equipped with communication capabilities provides accurate
and efficient data to the outage management [44].

Due to the bidirectional flow of power, distributed generation will be installed in
the system and this will increase the cases of service interruptions. So Automatic
Meter Reading (AMR) data can be used by the electric utilities to detect the fault
and provide an additional information for the outage detection and along with the
restoration phases of outage management. By developing an intelligent information
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filter will prevent false outage notifications and will also improve the quality of the
outage data [31].

1.3.6

Knowledge-Based System in Distribution Automation

Electric power system consists of three operating states such as preventive state,
emergency state and restorative state. For the most period of the time the power
system is in preventive state. Emergency state occurs when a large disturbance
occurs on the power system. The system enters into the restorative state if the
disturbance is large. After the restorative state the system goes in blackout. If
the partial power outage occurs it is termed as brownouts. Once this condition
occurs the system dispatchers re-energize the area where the power is down. System
restoration is defined as the control to re-energize the system. At the present time,
the system restoration is performed by manual operation which takes a longer time.
Nowadays as the distribution system has been bidirectional, there is a need of an
automatic system for restorative control. Therefore a knowledge based system has
been developed for automatic control in the restorative state of the power system.
During the system restoration the system operator’s heuristics plays a critical role.
The heuristics are represented by a set of knowledge in which the ultimate goal is to
restore the power supply of the system without overloading the transmission lines.
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The overload checking is based on the numerical computation whereas the knowledge
based system is the symbolic computation. The KB system proved to be the effective
method of writing the physical and the artificial laws of the power system which is
needed to evaluate the restorative control problem.The knowledge based system will
help to manage the large power system in the restorative state [45].

Also a knowledge based system (KBS) is used to locate outages in distribution system
bu using comprehensive data provided from the customer trouble calls, wireless automated meter reading (AMR) system and distribution supervisory control and data
acquisition (SCADA). The two major parts of the algorithm of the developed KBS
are an outage escalation procedure and the meter-polling procedure. The wireless
AMR system has the on demand read capability which allows the electric utilities
to directly communicate with the meter controllers. In respect to the comprehensive
outage information, the escalation procedure includes searching for the outage region.
The meter polling procedure consists of confirming the outage locations and designing
the meter-polling schema. The algorithm has the ability to handle the single outage
and multiple outage situations [46].
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1.4

Conclusion

This chapter provides an overview of system directionality and potential implication
of system design, ranging from one direction to both directions due to the geographically scattered distributed energy resources within a distribution network. Such
overview would provide a broader understanding of grid survivability in reconfiguration possibilities. The following chapters of this thesis will provide specific modeling
and extension to the reserve engineering of a presumed short circuit analyses.
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Chapter 2

Modeling of Distribution Feeders

2.1

Introduction

This chapter deals with the distribution feeder analysis under normal steady-state
operating conditions (also called as power-flow analysis) and under short-circuit conditions (also called as short-circuit analysis). In addition to this an analytical method
is derived with the help of Backward/Forward Sweeping Techniques also called as Ladder technique with inclusion of equivalent impedance superposition model to improve
the voltage controlled Distributed Energy Resources (DER).
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2.2

Power Flow Analysis

The power-flow analysis carried out in distributed feeder is same as an interconnected
transmission systems. In this analysis the three-phase voltages at the substation are
known and complex power of every load and load models which includes constant
impedance, constant current and constant complex power or the combination of the
any one of the above. In addition to these, input complex power from the substation
that is supplied to the feeder is known [47].

The following quantities in terms of total single phase as well as total three-phase of
the distributed feeders are calculated with the help of the power-flow analysis.

1. All nodes voltage magnitudes and the angles connected to the feeder

2. Active power and reactive power, current and power factor in each line section

3. Each line section power losses

4. Total input active power and reactive power of the feeder

5. Total power losses of the feeder

6. Depending on the specified model for the load calculate load active power and
reactive power
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2.2.1

Ladder Iterative Techniques

The iterative techniques used in the power-flow studies of the transmission systems
cannot be directly applied here in electrical distribution system due to the unbalanced
and radial topology of the network. Therefore, ladder iterative technique is specifically
implemented that navigates the parent-children fashion within a graph [47] [48]. Such
process is referred as a combination of backward and forward steps that constitutes
an iteration. A flowchart shown in Fig. 2.1 provides the flow of information to be
computed iteratively for a non-linear system. Such flow provides steps that enables
information, such as 3-phase voltages and 3-phase currents to be computed. The
termination of iteration relies on the error constant to be defined by users. The
following two subsection will illustrate the major differences between linearized and
preserved non-linear systems.

2.2.1.1

Linear Distribution Feeder

This section provides a direct method to solve a linear ladder network, which is
presumed to be 100% constant impedance loads. While this assumption may be
not accurately characterized in the real-world electrical load scenarios, this section
exhibits a simple step to determine voltages of a given example. Because the nature of
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Figure 2.1: Flowchart of generalized 3-phase power flow analysis

this formulation is linear, this example shows it takes one single forward step update
to determine the voltage for all fictive buses in a distribution feeder.

Since this is a linear system (constant impedance), the initialization of currents using
backward step is needed where all voltages for each node is presumed to be nominal
values, e.g., 12.47kV rated line voltage would be
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12.47
√
3

with zero angle in a basic circuit

topology. The linear ladder network is depicted in Fig. 2.2.

Figure 2.2: Linear Ladder Network

In this method it is assumed that the line impedances and load impedances at the
source voltage (Vs ). Forward sweep method is used to find the solution of this network.
The voltage at node 5 i.e V5 is calculated at no-load condition. As the network has
no line currents as well as load currents, the voltage at node 5 will be equal to the
source voltage. The load current at node 5 is calculated by backward sweep method.
The load current I5 is calculated as:

I5 =

V5
RL,5 + XL,5

(2.1)

In this case load current I5 is equal to the line current I45 .By applying Kirchhoff’s
Voltage Law (KVL), the voltage at node 4 is given by:

V4 =

V5
(RL,4−5 + XL,4−5 ) × I4−5
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(2.2)

After calculating load current I4 , applying Kirchhoff’s Current Law (KCL) for determination of line current I34 :
I3−4 = I4−5 + I4

(2.3)

This process continues till the voltage (V1 ) is calculated at the source. The calculated
voltage (V1 ) is compared with the source voltage (VS ). The ratio of the source voltage
(Vs ) to the computed voltage (V1 ) is determined as:

Ratio γ =

2.2.1.2

Vs
V1

(2.4)

Non-Linear Distribution Feeder

The non-linear network is obtained by replacing constant load impedances in linear
ladder network by constant complex power loads as depicted in Fig. 2.2. The voltage
at node 5 is calculated by forward sweep method in the similar manner as calculated
in the linear ladder network. The load current at every node node is calculated as:


IN =

SN
VN

∗
(2.5)

The source voltage VS is calculated with the help of backward sweep method. Due
to non-linear nature of the distribution loads, forward sweep method is used. The
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Figure 2.3: Non-Linear Ladder Network

forward sweep method starts by considering the source voltage as well as the line
currents calculated in the case of the backward sweep method.

In general, the backward step consists of the following:

Vnabc = [a]Vmabc − [b]Im

(2.6)

Inabc = [c]Vmabc − [d]Im

(2.7)

The forward step generally uses the voltage update from the backward step to predict
the voltage as follows:
Vnabc = [a]Vmabc − [b]Im

(2.8)

Inabc = [c]Vmabc − [d]Im

(2.9)
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Figure 2.4: IEEE 4 Bus Test Feeder

2.2.2

Example IEEE 4-Node Feeder

For the analysis purpose the IEEE 4 bus test feeder is developed. This 4 bus test feeder
is used to demonstrate the analysis of power with and without distributed energy
resources (DER), loop flow analysis as well as formation of Z - impedance matrix and
short circuit studies. The adjustment or addition in terms loads or line impedances
or generating sources will be carried out depending on the analysis method which is
discussed in the further section. A single-line diagram of the IEEE 4 bus test feeder
is illustrated in Fig. . The system source voltage is considered to be 12.47 kV line-to
line. The equivalent system impedance segment from bus 1 to bus 2 is 2000 ft long
and secondary line segment impedance from bus 3 to bus 4 is 2500 ft respectively.
The single phase transformer is connected in delta grounded wye with kVA rating =
6000, primary and secondary voltage as 12.47kV and 4.16kV respectively and the per
unit impedance of the transformer is assumed as Zpu = 0.01 + j0.06.
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2.2.3

Analysis of Power Flow with and without DER

This section deals with the analysis of power flow in distribution feeders with and
without injection of distributed energy resources (DERs). The analysis shows that
the injection of distributed energy resources results in increase in the node voltages
and requires less number of iterations to converge for a given distribution feeders. In
this analysis, total 4 nodes are considered including the source voltages and 3 loads
respectively. Depending upon the requirements, the position of the voltage as well as
the nature of the loads are changed accordingly.

2.2.3.1

Case 1: Analysis of Power Flow Without DER

In this case the voltage source is connected at node 1 which is considered as 7200
∠°0 and the loads are connected to the nodes 2, 3 and 4 respectively. The initial
conditions are I1−2 , I2−3 and I3−4 equal to 0 and the convergence is 0.0001 and initial
source voltage is assumed to be zero.

The impedance between nodes 1-2, 2-3 and 3-4 are respectively: Z1−2 = 0.1414 +
j0.5353 Ω, Z2−3 = 0.0288 + j0.1728 Ω and Z3−4 = 0.1907 + j0.5035 Ω. The loads
S2 , S3 and S4 respectively are: S2 = 1500 + j750 kVA, S3 = 1045 + j344 kVA and
S4 = 900 + j500 kVA.
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Figure 2.5: Single-phase distribution feeder without DER

A complete iteration consists of a backward step and a forward step. Each iteration
will perform a first a backward step in which the currents between the nodes as well
the loads currents are calculated. Then a forward step is performed where the voltage
of each nodes are determined.

Applying the first backward step: In this step, the currents values between the
nodes as well as the current through the loads are considered to be zero.

The first forward step is applied here: V2 = VS − Z1−2 · I1−2 = 7200∠0° V, V3 =
V2 − Z2−3 · I2−3 = 7200∠0° V and V4 = V3 − Z3−4 · I3−4 = 7200∠0° V. Notice that the
current values are zeros. To perform an error calculation, the difference between the
source and the node 4 is Err(β) =

V4 −VS
Vnominal

= 1.

The second backward step is applied here in order to determine the current flowing
in nodes 4-3, 3-2 and 2-1 respectively. Also the currents through loads S2 , S3 and
S4 are calculated. So, the current flowing between nodes 4 and 3 (I3−4 ) is : I4 =
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I3−4 =




(900+j500)·1000
7200∠0°

(1045+j344)·1000
7200∠0°

∗

∗

= 142.9948∠ − 29.0546° A. Current flowing at node 3: I3 =

= 152.8005∠ − 18.2208° A. Current flowing between nodes 2 and 3

(I2−3 ): I2−3 = I3 +I3−4 = 152.8005∠−18.2208°+142.9948∠−29.0546° = 294.4757∠−

∗
(1500+j750)·1000
23.4575° A. Current flowing through node 2 I2 =
= 232.9237∠ −
7200∠0°
26.5650° A. Current flowing between nodes 1 and 2 (I1−2 ) is : I1−2 = I2 + I2−3 =
232.9237∠−26.5650°+294.4757∠−23.4575° = 527.2081∠−24.8298° A. It is observed
that the current decreases as we move away from the generating source.

To complete the second iteration, the second forward step is applied here: V2 =
VS − Z1−2 · I1−2 = 7017.4376∠ − 1.8359° V V3 = V2 − Z2−3 · I2−3 = 6990.9430∠ −
2.1979° V and V4 = V3 − Z3−4 · I3−4 = 6934.2836∠ − 2.6268° V . From the results,
it is seen that the voltage at node 4 is less than nodes 1, 2 and 3 respectively. This
means as number of nodes are increased then the voltage at extreme end of the feeder
will have lowest voltage as compared to previous node voltages. Calculating the error
for the second iteration: Err(β) =

V4 −V4old
Vnominal

= 0.0369. As the error is more than the

specified tolerance (i.e. 0.0001), it is required to carry out further iterations.

Applying the third backward step the current flowing between nodes 4 and 3 (I3−4 )

∗
(900+j500)·1000
is : I4 = I3−4 = 6934.2836∠−2.6268° = 148.4743∠ − 31.6814° A. Current flowing at

∗
(1045+j344)·1000
node 3: I3 = 6990.9430∠−2.1979°
= 157.3699∠ − 20.4187° A. Current flowing between
nodes 2 and 3 (I2−3 ): I2−3 = I3 +I3−4 = 157.3699∠−20.4187°+148.4743∠−31.6814° =

∗
(1500+j750)·1000
=
304.3694∠ − 25.8857° A. Current flowing through node 2 I2 = 7017.4376∠−1.8359°
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238.9833∠ − 28.4009° A. Current flowing between nodes 1 and 2 (I1−2 ) is : I1−2 =
I2 + I2−3 = 238.9833∠ − 28.4009° + 304.3694∠ − 25.8857° = 543.2237∠ − 26.9919° A.

To complete the third iteration, the third forward step is applied here: V2 =
VS − Z1−2 · I1−2 = 7003.1683∠ − 1.8349° V V3 = V2 − Z2−3 · I2−3 = 6973.8702∠ −
2.2001° V and V4 = V3 − Z3−4 · I3−4 = 6912.6207∠ − 2.6240° V . From the results,
it is seen that the voltage at node 4 is less than nodes 1, 2 and 3 respectively. This
means as number of nodes are increased then the voltage at extreme end of the feeder
will have lowest voltage as compared to previous node voltages. Calculating the error
for the second iteration: Err(β) =

V4 −V4old
Vnominal

= 0.0030. As the error is more than the

specified tolerance (i.e. 0.0001), it is required to carry out further iterations.

Applying the fourth backward step the current flowing between nodes 4 and 3

∗
(900+j500)·1000
(I3−4 ) is : I4 = I3−4 = 6912.6207∠−2.6240°
= 148.9396∠ − 31.6786° A. Current

∗
(1045+j344)·1000
flowing at node 3: I3 = 6973.8702∠−2.2001°
= 157.7551∠ − 20.4209° A. Current
flowing between nodes 2 and 3 (I2−3 ): I2−3 = I3 + I3−4 = 157.7551∠ − 20.4209° +
148.9396∠ − 31.6786° = 305.2170∠ − 25.8874° A. Current flowing through node 2
∗

(1500+j750)·1000
= 239.4703∠ − 28.3999° A. Current flowing between nodes 1
I2 = 7003.1683∠−1.8349°
and 2 (I1−2 ) is : I1−2 = I2 + I2−3 = 239.4703∠ − 28.3999° + 305.2170∠ − 25.8874° =
544.5582∠ − 26.9919° A.

For the fourth iteration, the fourth forward step is applied here: V2 = VS −
Z1−2 · I1−2 = 7002.6938∠ − 1.8396° V V3 = V2 − Z2−3 · I2−3 = 6973.3169∠ −
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2.2059° V and V4 = V3 − Z3−4 · I3−4 = 6911.8839∠ − 2.6312° V . Calculation of
the error for fourth iteration Err(β) =

V4 −V4old
Vnominal

= 0.00010. The above voltages and

currents are converged to an error of 0.000010. For this particular case, the system
required fourth iterations to get converged. The summary of the above iteration
process is illustrated in table 2.1.
Table 2.1
Summary of Iteration Process for Case 1

2.2.3.2

Case 2: Analysis of Power Flow with DER

In this case a voltage source VS which is considered as 7200 ∠0° V is connected to
node 1. A distributed energy resources (VDER ) is connected to node 3 and as well as
node 4 and the voltages on all nodes are considered equal to the source voltage and
the branch currents in every transmission line as zero. The internal impedance of the
DER source are represented as RDER and XDER respectively which are calculated
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Figure 2.6: Single-phase distribution feeder with DER

using the loads, voltage of the DER source and the current through the node 3 and
node 4 respectively. To determine the node voltages and currents backward and
forward step are applied. The same procedure as carried out in case 1 is followed
for the case 2. The calculated voltages at each node and the currents in each branch
during three iterations is are summarized in the table 2.2.
Table 2.2
Summary of Iteration for Case 2
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2.2.3.3

Case 3: Analysis with Node 4 as the DER Reference

In this case source voltage is considered as 7200 ∠0° V is connected to node 1. The
node 4 is considered as the reference node and the reference voltage is 7200 ∠0° V.
The DER is connected to the node 3 and node 4 respectively. The load currents,
branch currents and the voltage at every node is calculated using backward forward
sweep method. The procedure demonstrated in case 1 and case 2 is carried out in
case 3 also and the summary of the iteration of voltages and currents are summarized
in the table 2.3.

Figure 2.7: Single-phase distribution feeder with DER and Node 4 Referenced
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Table 2.3
Summary of Iteration for Case 3

2.3

Constructing an Impedance matrix

In transmission network, the Y admittance matrix has often been utilized because of
the direct relationship between nodes and provides easy determination of admittance
by inferring from the off-diagonal matrices. It is considered as the most powerful
matrices used for analysis of the power system. The less popular approach, which
will employ significant computational complexity (full rank matrix) as the result it
is not well implemented in power control centers. The following equation shows the
inverse relationship between the impedance Z and admittance Y matrices where N
is the size of a feeder. Under unbalanced condition, the constants of 3 indicates three
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times the original nodes for each phase of the feeder circuits.

−1
Z(3×N ) = Y(3×N
)

(2.10)

This subject is being brought up here in this section and it is timely right after the
discussion of backward and forward sweeping technique because of the necessity in
determining the initial current values for each node. It could also help in convergence
of 3-phase power flow analysis with appropriate values that can improve quality of
measurement data to the entire distribution feeder. The impedance Z matrix is full
rank.

The relationship between the voltage of the bus as well as the injected currents in the
bus in the Z is:
Zmatrix = ICb −1 × Vb

(2.11)

The off-diagonal elements of the impedance-matrix Z are called transfer impedance:

Zxy = ICy −1 × Vx

(2.12)

The diagonal elements of the impedance-matrix Z are called the driving-point
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impedance or the Thevenin Impedance:

Zxx = ICx −1 × Vx

2.3.1

(2.13)

Algorithmic Construction of Impedance Matrix

Unlike construction of Y matrix, it can be built by inspection. The connectivity
between nodes can be directly related from and to nodes. The Z-impedance matrix Z can be constructed in following 4-major steps using direct Z-Matrix building
algorithm.

Case 1: Add a new node i to the reference node, which is the feeder head in distribution substation. In this case, it virtually establishes a connection from the new
node for the reference node known as swing bus. Later in case 4, as the feeder has
grown out to complete a topology construction, a Kron reduction will be performed.
This means that the reference node 0 will be incorporated together with all nodes
created in this process.

Case 2: Add another virtual node i + 1 connecting the node i. This continues for
the rest of the feeder nodes. If a network is completely radial, then case 2 will be
utilized before case 4 in the final step. If there is a weakly meshed network within a
feeder, then case 3 will be processed, i.e., Znew
(i+1,i+1) where i is initiated with integers
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1, 2, · · · N , which constitutes the following:


zi

Znew
(i+1,i+1) = 
zi


zi
zi + zi+1





(2.14)

If N = 2 where it is connected in radial fashion. The following equation is as follows:


Znew
(i+1,i+1)

zi


=
zi


zi


zi

zi

zi + zi+1

zi + zi+1

zi + zi+1

zi + zi+1 + zi+2









(2.15)

Case 3: If there is a weakly mesh network, connect the existing two nodes and form
the mesh network. Apply the Kron reduction process to calculate the impedance
matrix.

Case 4: Addition of the distribution feeder from the existing bus (b) to the reference
node. Formulate the impedance matrix and apply the Kron reduction process to
calculate the final impedance matrix of the network.
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2.3.2

Flowchart in Constructing Impedance Matrix

Fig. 2.8 depicts the flowchart for the construction of the impedance matrix. In the
first step, the node i is connected to the reference node and the impedance matrix
is computed. Further, node i+1 is connected to node i and the impedance matrix is
computed. In the next step, the size of the impedance matrix is compared with the
number of nodes including the reference node. If the size of the impedance matrix
is greater than the number of the nodes, Kron reduction is applied. If the matrix
size is not greater then another condition i.e. whether i+n node is connected to the
reference node. If it is connected then compute the final impedance matrix and if not
continue the process of addition of the new node to the previous node.

2.3.3

Example Construction of Impedance Method

Establishing connection from new node to the reference node thus forming a 1 × 1
bus impedance matrix




Zbus-1 = 0.0192 + j0.0575 Ω
Add another virtual node 2 connecting the node 1. Elements Z12 and Z21 are equal
to the Z11 . The elements Z22 is the sum of the Z11 = 0.0192 + j0.0575 Ω and the
value of the impedance Za = 0.1414 + j0.5353 Ω which is connected between nodes 1
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Figure 2.8: Flowchart for the construction of impedance matrix

and 2





0.0192 + j0.0575
Zbus-2 = 

0.0192 + j0.0575

0.0192 + j0.0575
Ω

0.1606 + j0.5928

The elements in the new row and new column will be same as the elements in the row
2 and column 2 because the new node is connected to node 2. The elements Z33 is the
sum of the of Z22 = 0.1606 + j0.5928 Ω and the impedance Za = 0.0288 + j0.1728 Ω
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Figure 2.9: Network for determination of Z-Impedance matrix

which is connected between the nodes 2 and 3 respectively


Zbus-3



0.0192 + j0.0575


=
0.0192 + j0.0575


0.0192 + j0.0575

0.0192 + j0.0575
0.1606 + j0.5928
0.1606 + j0.5928

0.0192 + j0.0575


0.1606 + j0.5928
Ω


0.1894 + j0.7656

The elements in the new row and new column will be same as the elements in the row
3 and column 3 because the new node is connected to node 3. The elements Z33 is the
sum of the of Z33 = 0.1894 + j0.7656 Ω and the impedance Za = 0.1907 + j0.5035 Ω
which is connected between the nodes 3 and 4 respectively


Zbus-4

0.0192 + j0.0575


0.0192 + j0.0575



=
0.0192 + j0.0575


−−−−−−−



0.0192 + j0.0575


0.0192 + j0.0575

0.0192 + j0.0575

|

0.1606 + j0.5928

0.1606 + j0.5928

|

0.1606 + j0.5928

0.1894 + j0.7656

|

−−−−−−−

−−−−−−−

−−

0.1606 + j0.5928

0.1894 + j0.7656

|
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0.0192 + j0.0575


0.1606 + j0.5928



0.1894 + j0.7656
Ω


−−−−−−−



0.3801 + j1.2691

Applying Kron reduction to eliminate final row and final column,the generalized equation require to calculate the new elements of the Z-impedance matrix is given as:

Zij(new) = Zij(old) −

ZiN(old) · ZNj(old)
ZNN(old)

(2.16)

where Zij(old) represents the particular element of the previous matrix, Using the
above equation to calculate the new elements of the matrix, the modified Z-impedance
matrix is:


Zbus-5



0.0164 + j0.0502


=
0.0099 + j0.0267


0.0080 + j0.0219

0.0099 + j0.0267
0.0339 + j0.1131
0.0275 + j0.0928

0.0080 + j0.0219


0.0275 + j0.0928
Ω


0.0330 + j0.1073

Now connect bus 3 with the reference node, the elements Z44 is the sum of the
Z33 = 0.0776 + j0.2806 Ω and the impedance Za = 0.0570 + j0.1737 Ω which is
connected between node 3 as well the as the reference bus, the resultant Zbus−4 will
be:


Zbus-4

0.0192 + j0.0575


0.0192 + j0.0575



=
0.0192 + j0.0575


−−−−−−−



0.0192 + j0.0575


0.0192 + j0.0575

0.0192 + j0.0575

|

0.0644 + j0.2427

0.0644 + j0.2427

|

0.0644 + j0.2427

0.0776 + j0.2806

|

−−−−−−−

−−−−−−−

−−

0.0644 + j0.2427

0.0776 + j0.2806

|
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0.0192 + j0.0575


0.0644 + j0.2427



0.0776 + j0.2806
Ω


−−−−−−−



0.1346 + j0.4543

Applying Kron reduction to eliminate final row and final column,the generalized equation require to calculate the new elements of the Z-impedance matrix is given as:

Zij(new) = Zij(old) −

ZiN(old) · ZNj(old)
ZNN(old)

(2.17)

where Zij(old) represents the particular element of the previous matrix, Using the
above equation to calculate the new elements of the matrix, the modified Z-impedance
matrix is:


Zbus-5



0.0164 + j0.0502


=
0.0099 + j0.0267


0.0080 + j0.0219

0.0099 + j0.0267
0.0339 + j0.1131
0.0275 + j0.0928

0.0080 + j0.0219


0.0275 + j0.0928
Ω


0.0330 + j0.1073

The new bus 4 is connected to bus 3 with impedance of Za = 0.0119 + j0.0414 Ω.
The off-diagonal elements of the matrix Zbus−6 will be same as the elements in row
3 and column 3 respectively. The diagonal element Z44 is, sum of the element Z33 =
0.0330 + j0.1073 Ω and the impedance 0.0119 + j0.0414 Ω.


Zbus-6

0.0164 + j0.0502


0.0099 + j0.0267

=

0.0080 + j0.0219



0.0080 + j0.0219


0.0099 + j0.0267

0.0080 + j0.0219

0.0339 + j0.1131

0.0275 + j0.0928

0.0275 + j0.0928

0.0330 + j0.1073

0.0275 + j0.0928

0.0330 + j0.1073

0.0080 + j0.0219


0.0275 + j0.0928

Ω

0.0330 + j0.1073



0.0449 + j0.1487

Finally, adding the new line having impedance Za = 0.0581 + j0.1763 Ω between
the buses 2 and 4 respectively. The new elements are calculated by subtracting the
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elements connected between these buses. The diagonal element is calculated by using
the following equation:
ZNN = Zii + Zjj − 2 · Zij + Za

(2.18)

After calculating all the elements, the Zbus−7 matrix can we written as:


0.0164 + j0.0502



 0.0099 + j0.0267



 0.0080 + j0.0219
Zbus-7 = 

 0.0080 + j0.0219



− − − − − − −−


0.0019 + j0.0048

0.0099 + j0.0267

0.0080 + j0.0219

0.0080 + j0.0219

|

0.0339 + j0.1131

0.0275 + j0.0928

0.0275 + j0.0928

|

0.0275 + j0.0928

0.0330 + j0.1073

0.0330 + j0.1073

|

0.0275 + j0.0928

0.0330 + j0.1073

0.0449 + j0.1487

|

− − − − − − −−

− − − − − − −−

− − − − − − −−

−−

0.0064 + j0.0203

−0.0055 − j0.0145

−0.0174 − j0.0559

|

0.0019 + j0.0048






0.0064 + j0.0203 



−0.0055 − j0.0145
Ω

−0.0174 − j0.0559



− − − − − − −− 


0.0819 + j0.2525

Applying Kron reduction to the above matrix in order to calculate the final Zbus :


Zbus

2.4

0.0163 + j0.0501


0.0097 + j0.0263

=

0.0081 + j0.0221



0.0084 + j0.0229


0.0097 + j0.0263

0.0081 + j0.0221

0.0334 + j0.1114

0.0279 + j0.0939

0.0279 + j0.0939

0.0326 + j0.1064

0.0288 + j0.0972

0.0318 + j0.1454

0.0084 + j0.0229


0.0288 + j0.0972

Ω

0.0318 + j0.1454



0.0412 + j0.1363

General Short-Circuit Analysis

The calculation of the short-circuit currents in the unbalanced faults in a balanced
three phase system is achieved with the help of application of symmetrical components. However, if the distribution feeder is unbalanced then this is not suitable for
calculation of short circuit currents. If an unequal mutual coupling is present between
any of the phases, this will eventually leads to the mutual coupling within sequence
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networks. Another shortcomings of this method is, it is restricted to number of the
phases in which the faults occur means that in case of single line to ground faults
the short circuit currents are calculated in phase a with respect to ground. In this
section, for analyzing such shortcomings a method is developed using phase frame
which will analyzed the short-circuit currents in an unbalanced three-phase distribution feeder. Fig. 2.10 shows the model for the unbalanced feeder used for the short

Figure 2.10: Short-circuit analysis model for unbalanced feeder

circuit calculations. The model is divided into five different sections and the short
circuit can occur on any of these five sections. The transmission system short circuit
study is used to determine the values of the short circuit currents at point 1 as shown
in Fig. 2.11. The results of the short circuit study of the transmission system are
computed in terms of single phase and three phase short circuit Mega-Volt-Amperes
(MVAs) and using these MVAs the equivalent system’s positive sequence as well as
zero sequence are calculated. The positive and the negative sequences impedances are
calculated from the 3ø MVA magnitude as well as angle while the zero sequences is
calculated from 1ø MVA magnitude as well as angle. Equations for the determinations

60

of positive and the zero sequences impedances are:

Z1 = Z2 =

Z0 =

2
KVnomL−L
Ω
(M V A3ø )∗

(2.19)

2
KVnomL−L
− 2 · Z1 Ω
(M V A1ø )∗

(2.20)

Using the symmetrical component transformation matrix, the positive sequence
impedance as well as the zero sequence impedance are converted into phase sequence
impedance.
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The Thevenin equivalent three phase circuit is required to calculate the short circuit currents at points 2, 3, 4 and 5 respectively. At points 2 and 3 respectively,
the equivalent Thevenin voltages are calculated by taking the product of the generalised transformer matrix [At ] which is obtained from the substation transformer
and the system voltages. Also, the Thevenin equivalent voltages at point 4 and 5
are calculated by multiplying the voltages at node 3 and the generalized transformer
matrix [At ] obtained from the in-line feeder transformer. The sum of Thevenin phase
impedance matrix obtained from each device which is connected between the voltage source and the point at which the fault occur is termed as Thevenin equivalent
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phase impedance matrix. During the calculation, if the three phase transformer is
present, the total phase impedance matrix on the primary side must be referred to
the secondary side of the transformer.

[VLLabc ] = [BV] · [VLLABC ] − [Ztabc ] · [Iabc ]

(2.21)

Equation 2.21 is the forward step equation in terms of line-to-line voltages. [VLLABC ]
is the line-to-line voltages from the substation transformer, [Ztabc ] is the impdeances
of three-phase transformer and [Iabc ] is the secondary line currents.

Figure 2.11: Thevenin Equivalent circuit for short circuit calculation

In figure 2.11 the Thevenin equivalent line to line voltages with respect to ground
at the faulted node are represented by Ea , Eb and Ec respectively. The Thevenin
equivalent phase impedance matrix at the faulted node is represented by [ZTotal]
and fault impedance in phase a is the combination of fault resistance Rfa and fault
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reactance Xfa . By applying KVL in figure 2.11 the Thevenin voltages obtained in the
matrix form is:
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(2.22)

Equation 2.22 can re-written as:

[Eabc ] = [ZTotal ] · [Ifabc ] + [Rf + jXf ] · [Ifabc ] + [Vabcx ] + [Vxg ]

(2.23)

Adding all the impedance in the circuit, the equivalent impedance [ZEqui ] which is
the summation of [ZTotal ] and [Rf + jXf ], equation 2.23 in compressed form is given
as:
[Eabc ] = [ZEqui ] · [Ifabc ] + [Vabcx ] + [Vxg ]

(2.24)

Admittance is the reciprocal of impedance, therefore the [ZEqui ]−1 - impedance matrix
can be replaced by [YEqui ], the equation in terms of fault currents is given as:

[Ifabc ] = [YEqui ] · [Eabc ] + [YEqui ] · [Vabcx ] + [YEqui ][Vxg ]

(2.25)

In equation 2.25, the values of [YEqui ] and [Eabc ] are known, therefore defining a
new term [IXabc ] for the product of these two parameters and rearranging the hand
calculated results, equation 2.25 can we written as:
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(2.26)

Expanding equation 2.26 by performing multiplication and addition respectively,

IXa = Ifa + (Yaa · Vax + Yab · Vbx + Yac · Vcx ) + (Yaa + Yab + Yac ) · Vxg
IXb = Ifb + (Yba · Vax + Ybb · Vbx + Ybc · Vcx ) + (Yba + Ybb + Ybc ) · Vxg

(2.27)

IXc = Ifc + (Yca · Vax + Ycb · Vbx + Ycc · Vcx ) + (Yca + Ycb + Ycc ) · Vxg

Equation 2.27 are the generalized equations used for calculation of all types of
faults.There are seven unknown variables and other three variables such as IXa ,
IXb and IXc are known because they are the functions of total impedance as well as
the Thevenin voltages. Depending on the type of the fault, the above equations are
modified to determine three phase faults, three-phase to ground faults, line to line
faults, Line to line to ground faults and line to ground faults respectively.

2.5

Conclusion

This chapter illustrates various implementation of element models used for short
circuit analysis as well as power flow analysis of a distribution feeders. For power flow
analysis, backward/forward sweep also known as modified ladder iterative technique
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was used. The backward forward sweep were interchanged by the addition of voltage
and current equations for simple radial systems. In case of short circuit analysis of a
distribution feeder using the symmetrical component analysis cannot be implemented
because it is not possible to modeled every short circuit. In contrast, phase domain
method was developed as well as demonstrated for computational purpose for any
type of short circuits. These methods equipped with computer program provides a
powerful tool for executing present day problems and long term power system studies
planning.
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Chapter 3

Fault Localization Under
Unidirectional Flow Conditions

3.1

Reverse Engineering of Short Circuit Process

This chapter deals with the analysis of the distribution feeders using fault analysis
methods. As discussed in chapter 2 regarding the short circuit studies in which the
faults can occur at any of the five locations in a power system. The disadvantage of
this method is the crew members have to detect the exact fault location which requires
ample amount of time and reduces the power supply reliability as well as power
quality. This chapter will discuss about various modern fault diagnosis algorithm
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which is helpful in unbalanced distribution feeders in order to reduce the time for
detecting the exact fault location as well as increasing the reliability of the system
and power quality. Also impact of fault in the distribution feeders will be studied
depending on unidirectional and bidirectional flow of power.

3.2

Definition of “Segment” and Concluding a
Faulted Segment

The distribution feeder in the power system is radial network consisting of n number
of line segments as shown in 3.1. Due to the radial network, the measured values of
the voltages and the currents are available at the substation. Therefore, an estimation
procedure is required to calculate the voltage as well as the currents at the beginning
of the faulted line segment depending on the loading condition of the customer and
the pre-fault and the post fault measurements of the voltages and the currents at
the substation. It is observed that same voltages and currents will be measured at
various fault locations as the distribution feeder in a large power system is radial in
nature and number of laterals are connected to the main feeder.The first step is to
find the possible fault locations which can be determined by scanning the network
and the applying algorithm for the fault distance on a section by section basis.

Assumptions include:
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1. The radial distribution feeder system is considered to be ideal.

2. The fault occurred is within the segment circled in Fig. 3.1.

3. Only symmetrical or unsymmetrical fault occurred on the distribution feeders.

4. Incremental change in the distance will be equal.

5. Fault location is between Yes and No.

6. The breaker was tripped from SCADA network.

7. Capture the status of fault indicators from the remote controlled switches information before occurrence of the fault.

8. Single-event fault with potential multiple fault types that does not disrupt the
majority of the electrical overhead lines. It is rather a localized fault that is
generally deemed an “abnormal” condition, not the extreme scenarios like those
incurred by hurricanes nor tornadoes.

3.3

Searching for Exact Fault Location(s)

The flowchart shown in Fig. 3.2 and Fig. 3.1 gives the information to be computed
to determine the exact fault location. In order to determine the exact fault location
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Figure 3.1: One-line diagram of distribution feeder with fictitious nodes

3 major steps needs to be executed. The first step is Initialization of SCADA measurement and topological statuses. In step 1, the information is populated from the
Geographical Information System (GIS). The two important components which are
obtained from the GIS are accurate data of the distribution feeder topology and realtime measurements of the topology data. The mathematical formulation for every
system component such as distributed generators, feeder lines, transformers, voltage
regulators, shunt capacitor, series reactor and loads. In step 2, load voltage measurements are required in order to design the load model from load voltage. The load
currents are considered in the analysis because load currents are not less than the
short circuit currents. In addition to this binary measurements (either ON or OFF)
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Figure 3.2: Flowchart for enhanced estimation of fault location point based
on n number of branch out
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of the Fault Indicators(FIs) are recorded to detect the exact location of the fault.
In the computerized automated SCADA network, the FIs will help the crew members to navigate the exact location of the fault. The data of the FIs are centralized
in the Distributed Automation System (DMS) system where the SCADA systems
updates the information regrading the feeder topology and analog as well as binary
measurements.

The fault location identification is the second major step for exact fault location
estimation. The fault indicators will detect the fault in the distribution feeders. If
the fault indicators indicates either (YES and NO) or (NO and YES) then it indicates
that the fault has occurred in the segment which is connected between these two FIs.
If the FIs indicates either (YES and YES) or (NO and NO) indicates that the fault
is not detected and the program halts.

Once the fault occurs, the next and the final major step is estimating the fault distance. Depending up the type of faults and fault voltages and currents, the distribution feeder topology will be modified. The fault type can be classified into symmetrical
faults (3 phase fault) and unsymmetrical faults which includes single line to ground
fault, double line to ground fault, line to line fault etc. An algorithm will be executed
depending upon the type of fault and the power analysis at each node of the distribution feeder will determined the voltages and currents and try to maintained within
the specified limits. In order to execute the power flow analysis the system most
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accurately, each component connected in the distribution feeder should be analyzed
in more detail. This includes three phase transformers with various types of connection, composite loads, single, two and three phase unbalanced systems and effects
due to voltage regulators and shunt capacitors. The simulated results obtained from
power flow analysis are validated with the SCADA measurements before the tripping
of the distribution feeder takes place. The incremental process continues till the next
fault type is detected. The first iteration will detect if there are any other faults. If
the fault is detected, again the process of topology modification, power flow analysis
and comparison with the SCADA results will be carried out. The second iteration
loop will verify whether the fault has occurred in the branch out and is the values of
fault voltages and currents are consistent with the values of the voltages and currents
obtained from the power flow analysis. If they are not consistent then increment the
distance till the values become consistent. The third and the final loop will check
whether the whole feeder is scanned for possible fault location. If the complete feeder
is not scanned then the loop will increment the distance to carry out the process of
estimation of fault distance. At the end of the feeder, the program will generate a
list of potential fault locations.
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3.4

Flowchart

to

Determine

the

Estimated

Point(s) of Location

Fig. 3.3 depicts the flowchart to determine the exact location of fault in unidirectional
power flow. The value current reference(I ref) is calculated from the power flow
analysis. The start perc and end perc are assumed to be 0 and 1 respectively and the
value of CError is considered to be 999. The fault percentage is calculated by taking
the average of the start perc and end perc. The currents at each node is calculated
using the power flow analysis i.e. by using backward-forward sweep method. If the
value of CError is greater than 0.1, then the difference of maximum absolute value
of reference current and fault current is calculated. If the difference is less than
zero, then fault. perc will equal to the ending perc else fault.perc will be equal to
start perc. Finally, the exact fault distance is calculated.

3.5

Simulation Results

In order to determine the exact location of fault three cases are simulated using
MATLAB programming depending on the topology reconfiguration. Various topologies such as radial feeder, various sub-feeder connected at different location of the
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Figure 3.3: Flowchart for the determination of exact fault location

main feeder and various sub-feeders connected at a single point of the main feeder
are considered during simulation studies.
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Figure 3.4: A case for determination of exact fault location

3.5.1

Case 1: Perfect Radial Network Setup

This topology consists of 8 nodes and 7 switches where the switches and the respective
lines are connected topologically. Breakers and recloser are equipped with the relay.
Under normal operating condition, the breaker is used to energized the feeder. The
source is considered at node 1 and three phase loads are connected to all remaining
7 nodes. Using the matrix-based Backward-Forward Sweep method the voltages and
the load currents at each nodes are calculated which are depicted in the Table 3.1.
Table 3.1
Node Voltages and Currents in Healthy Condition for Case 1
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Analysis of Three-Phase-to-Ground (LLLG) Fault

The system explained in case 1 is simulated for three phase to ground fault in which
a fictitious node (node 9) is created between nodes 2 and 3 which is assumed to be
at a distance of 20% from node 2 and 80% from node 3 of the total distance between
these nodes. The fault resistance of 20 Ω is presumed. The initial voltage at node
9 is enforced as the average of the initial source voltage for the first iteration and
due to this the final voltages on each phase of node 9 are equal in magnitude and
angle which are shown in Table 3.2. The backward-forward sweep method continues
until the mismatch occurs between the new and the previous iterations in the load
voltages is within the specified tolerance. The final iteration results of voltages and
load currents at each nodes are depicted in Table 3.2.
Table 3.2
Node Voltages and Currents for Three Phase to Ground Fault for Case 1
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Analysis of Three-Phase(LLL) Fault

In this case, the system in case 1 is simulated for three phase fault. As explained
previously, a fictitious node 9 is created between nodes 2 and 3 respectively. The
fault resistance is assumed to be 10 Ω. The final voltages and currents at each node
obtained in the final iteration are shown in Table 3.3.
Table 3.3
Node Voltages and Currents for Three Phase Fault for Case 1

Analysis of Double-Line-to-Ground(LLG) Fault

For double line to ground fault, case 1 is simulated with the assumption of fault
resistance to be 20 Ω. The initial voltage at node 9 for phases a and b is enforced
as the average of the initial source voltage for the first iteration and due to this the
final voltages on phases a and b of node 9 are equal in magnitude and angle which
are shown in Table 3.4.
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Table 3.4
Node Voltages and Currents for Double Line to Ground Fault for Case 1

Analysis of Double-Line(LL) Fault

For double line fault, case 1 is simulated with the assumption of fault resistance to
be 10 Ω. The initial voltage at node 9 for phases a and b is enforced as the average
of the initial source voltage for the first iteration and due to this the final voltages on
phases a and b of node 9 are equal in magnitude and angle. The final voltages and
currents at each nodes are depicted in Table 3.5.
Table 3.5
Node Voltages and Currents for Double Line Fault for Case 1
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Analysis of Single-Line-to-Ground(SLG) Fault

In this case, the system in case 1 is simulated for single line to ground phase fault. As
explained previously, a fictitious node 9 is created between nodes 2 and 3 respectively.
The fault resistance is assumed to be 20 Ω. For the first iteration, voltages at node 9
is not enforced as carried out for the previous cases. The final voltages and currents
at each node obtained in the final iteration are depicted in Table 3.6.
Table 3.6
Node Voltages and Currents for Single Line to Ground Fault for Case 1

Analysis of Exact Fault Location

For the analysis purpose,first, a bisection search algorithm has been employed. Second, an incremental adjustment to match the simulated current of fault with the measurements is conducted. Finally, the sensitivity analysis of a search can be improved
with the proposed algorithm that leads to matching of telemetered and calculated
values as depicted in Table 3.7.

80

Table 3.7
Determination of Exact Location of Fault for Case 1

3.5.2

Case 2: Equal Distance Branchout Test Feeder

Figure 3.5: A case for determination of exact fault location

This topology consists of 18 nodes and 17 switches where the switches and the respective lines are connected topologically. Breakers and recloser are equipped with
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the relay. Under normal operating condition, the breaker is used to energized the
feeder. The source is considered at node 1 and three phase loads are connected to all
remaining 17 nodes. Using the matrix-based Backward-Forward Sweep method the
voltages and the load currents at each nodes are calculated which are depicted in the
Table 3.8.
Table 3.8
Node Voltages and Currents in Healthy Condition for Case 2

Analysis of Three-Phase-to-Ground(LLLG) Fault

The system explained in case 2 is simulated for three phase to ground fault in which
a fictitious node (node 19) is created between nodes 2 and 3 which is assumed to be
at a distance of 20% from node 2 and 80% from node 3 of the total distance between
these nodes. The fault resistance of 20 Ω is presumed. The initial voltage at node
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19 is enforced as the average of the initial source voltage for the first iteration and
due to this the final voltages on each phase of node 19 are equal in magnitude and
angle which are shown in Table 3.9. The backward-forward sweep method continues
until the mismatch occurs between the new and the previous iterations in the load
voltages is within the specified tolerance. The final iteration results of voltages and
load currents at each nodes are depicted in Table 3.9.
Table 3.9
Node Voltages and Currents for Three Phase to Ground Fault for Case 2

Analysis of Three-Phase(LLL) Fault

In this case, the system in case 2 is simulated for three phase fault. As explained
previously, a fictitious node 19 is created between nodes 2 and 3 respectively. The
fault resistance is assumed to be 10 Ω. The final voltages and currents at each node
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obtained in the final iteration are shown in Table 3.10.
Table 3.10
Node Voltages and Currents for Three Phase Fault for Case 2

Analysis of Double-Line-to-Ground(LLG) Fault

In this case, the system in case 2 is simulated for three phase fault. As explained
previously, a fictitious node 19 is created between nodes 2 and 3 respectively. The
fault resistance is assumed to be 20 Ω. The final voltages and currents at each node
obtained in the final iteration are shown in Table 3.11.

84

Table 3.11
Node Voltages and Currents for Double Line to Ground Fault for Case 2

Analysis of Double-Line(LL) Fault

For double line fault, case 2 is simulated with the assumption of fault resistance to
be 10 Ω. The initial voltage at node 19 for phases a and b is enforced as the average
of the initial source voltage for the first iteration and due to this the final voltages on
phases a and b of node 19 are equal in magnitude and angle. The final voltages and
currents at each nodes are depicted in Table 3.12.
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Table 3.12
Node Voltages and Currents for Double Line Fault for Case 2

Analysis of Single-Line-to-Ground(SLG) Fault

In this case, the system in case 2 is simulated for single line to ground phase fault. As
explained previously, a fictitious node 19 is created between nodes 2 and 3 respectively.
The fault resistance is assumed to be 20 Ω. For the first iteration, voltages at node 19
is not enforced as carried out for the previous cases. The final voltages and currents
at each node obtained in the final iteration are depicted in Table 3.13.
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Table 3.13
Node Voltages and Currents for Single Line to Ground Fault for Case 2

Analysis of Exact Fault Location

For the analysis purpose,first, a bisection search algorithm has been employed. Second, an incremental adjustment to match the simulated current of fault with the measurements is conducted. Finally, the sensitivity analysis of a search can be improved
with the proposed algorithm that leads to matching of telemetered and calculated
values as depicted in Table 3.14.
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Table 3.14
Determination of Exact Location of Fault for Case 2

3.5.3

Case 3: Distance Branching from a Common Node

This topology consists of 12 nodes and 11 switches where the switches and the respective lines are connected topologically. Breakers and recloser are equipped with
the relay. Under normal operating condition, the breaker is used to energized the
feeder. The source is considered at node 1 and three phase loads are connected to all
remaining 11 nodes. Using the matrix-based Backward-Forward Sweep method the
voltages and the load currents at each nodes are calculated which are depicted in the
Table 3.15.
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Figure 3.6: A case for determination of exact fault location
Table 3.15
Node Voltages and Currents in Healthy Condition for Case 3
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Analysis of Three-Phase-to-Ground(LLLG) Fault

The system explained in case 3 is simulated for three phase to ground fault in which
a fictitious node (node 13) is created between nodes 2 and 3 which is assumed to be
at a distance of 20% from node 2 and 80% from node 3 of the total distance between
these nodes. The fault resistance of 20 Ω is presumed. The initial voltage at node
13 is enforced as the average of the initial source voltage for the first iteration and
due to this the final voltages on each phase of node 13 are equal in magnitude and
angle which are shown in Table 3.16. The backward-forward sweep method continues
until the mismatch occurs between the new and the previous iterations in the load
voltages is within the specified tolerance. The final iteration results of voltages and
load currents at each nodes are depicted in Table 3.16.
Table 3.16
Node Voltages and Currents for Three Phase to Ground Fault for Case 3
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Analysis of Three-Phase(LLL) Fault

In this case, the system in case 3 is simulated for three phase fault. As explained
previously, a fictitious node 13 is created between nodes 2 and 3 respectively. The
fault resistance is assumed to be 10 Ω. The final voltages and currents at each node
obtained in the final iteration are shown in Table 3.17.
Table 3.17
Node Voltages and Currents for Three Phase Fault for Case 3

Analysis of Double-Line-to-Ground(LLG) Fault

In this case, the system in case 3 is simulated for three phase fault. As explained
previously, a fictitious node 13 is created between nodes 2 and 3 respectively. The
fault resistance is assumed to be 20 Ω. The final voltages and currents at each node
obtained in the final iteration are shown in Table 3.18.
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Table 3.18
Node Voltages and Currents for Double Line to Ground Fault for Case 3

Analysis of Double-Line(LL) Fault

For double line fault, case 3 is simulated with the assumption of fault resistance to
be 10 Ω. The initial voltage at node 13 for phases a and b is enforced as the average
of the initial source voltage for the first iteration and due to this the final voltages on
phases a and b of node 13 are equal in magnitude and angle. The final voltages and
currents at each nodes are depicted in Table 3.19.

Analysis of Single-Line-to-Ground(SLG) Fault

In this case, the system in case 3 is simulated for single line to ground phase fault. As
explained previously, a fictitious node 13 is created between nodes 2 and 3 respectively.
The fault resistance is assumed to be 20 Ω. For the first iteration, voltages at node 13
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Table 3.19
Node Voltages and Currents for Double Line Fault for Case 3

is not enforced as carried out for the previous cases. The final voltages and currents
at each node obtained in the final iteration are depicted in Table 3.20.
Table 3.20
Node Voltages and Currents for Single Line to Ground Fault for Case 3
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Analysis of Exact Fault Location

For the analysis purpose,first, a bisection search algorithm has been employed. Second, an incremental adjustment to match the simulated current of fault with the measurements is conducted. Finally, the sensitivity analysis of a search can be improved
with the proposed algorithm that leads to matching of telemetered and calculated
values as depicted in Table 3.21.
Table 3.21
Determination of Exact Location of Fault for Case 3
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3.6

Conclusion

This chapter provides a groundwork on the reversal from a presumed location and
different types of faults to determine the exact location of faults in unidirectional
flow of power in distribution feeders. Exact location of fault was carried out on
radial distribution system as well as on distribution system consisting of laterals and
sub-laterals. This chapter explores a modern algorithm called the bisection method
and incremental distance to detect the exact location of fault. The advantage of
this method is that it reduces the time for fault detection and increases the overall
reliability of the system.
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Chapter 4

Fault Localization Under
Bidirectional Flow Conditions

For the last ten years, due to the tremendous increase in the power supply form
the distributed energy resources (DER), the traditional radial passive distribution
system is transformed into active multi-source distribution system. As discussed
earlier in chapter 3 about various modern fault diagnosis algorithm for unidirectional
flow of power, this chapter explores the same modern fault diagnosis algorithm for
bidirectional flow of power.
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4.1

Modeling with Distributed Energy Resource

Figure 4.1: Single line diagram of distribution feeder with fictitious nodes
and DER integration

The distribution feeder in the power system is radial network consisting of n number
of line segments and integrated with renewable energy resources (RES) as shown in
4.1. Due to the radial network, the measured values of the voltages and the currents
are available at the substation. Therefore, an estimation procedure is required to
calculate the voltage as well as the currents at the beginning of the faulted line
segment depending on the loading condition of the customer and the pre-fault and
the post fault measurements of the voltages and the currents at the substation. It is
observed that same voltages and currents will be measured at various fault locations
as the distribution feeder in a large power system is radial in nature and number

98

of laterals are connected to the main feeder.The first step is to find the possible
fault locations which can be determined by scanning the network and the applying
algorithm for the fault distance on a section by section basis.

Assumptions include:

1. The radial distribution feeder system is considered.

2. The fault occurred within the segment circled in Fig. 4.1 that could branch out
with multiple locations.

3. Fault can be either symmetrical or unsymmetrical.

4. Incremental change in the distance will be equal.

5. Fault location is initially inferred between Yes and No from the fault indicators.

6. The breaker tripped in distribution substation could provide a hint to capture
potential fault segment.

7. Known statuses of fault indicators, i.e., between “yes” and “no” from the remote
controlled switches information before occurrence of the fault.

8. The distributed energy resources (DER) are modeled as negative loads

9. Single-event fault with potential multiple fault types that does not disrupt the
majority of the electrical overhead lines. It is rather a localized fault that is
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generally deemed an “abnormal” condition, not the extreme scenarios like those
incurred by hurricanes nor tornadoes.

4.2

Combinatorial Search of Faulted Candidate
Locations

The flowchart shown in Fig. 4.2 and Fig. 4.1 gives the information to be computed
to determine the exact fault location. In order to determine the exact fault location
3 major steps needs to be executed. The first step is Initialization of SCADA measurement and topological statuses. In step 1, the information is populated from the
Geographical Information System (GIS). The two important components which are
obtained from the GIS are accurate data of the distribution feeder topology and realtime measurements of the topology data. The mathematical formulation for every
system component such as distributed generators, feeder lines, transformers, voltage
regulators, shunt capacitor, series reactor and loads. In step 2, the distributed energy resources are modeled as negative loads for the analysis purpose. In step 3 load
voltage measurements are required in order to design the load model from load voltage. The load currents are considered in the analysis because load currents are not
less than the short circuit currents. In addition to this binary measurements (either
ON or OFF) of the Fault Indicators(FIs) are recorded to detect the exact location
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Figure 4.2: Flowchart for enhanced estimation of fault location point based
on n number of branch out for bidirectional power flow
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of the fault. In the computerized automated SCADA network, the FIs will help the
crew members to navigate the exact location of the fault. The data of the FIs are
centralized in the Distributed Automation System (DMS) system where the SCADA
systems updates the information regrading the feeder topology and analog as well as
binary measurements.

The fault location identification is the second major step for exact fault location
estimation. The fault indicators will detect the fault in the distribution feeders. If
the fault indicators indicates either (YES and NO) or (NO and YES) then it indicates
that the fault has occurred in the segment which is connected between these two FIs.
If the FIs indicates either (YES and YES) or (NO and NO) indicates that the fault
is not detected and the program halts.

Once the fault occurs, the next and the final major step is estimating the fault distance. Depending up the type of faults and fault voltages and currents, the distribution feeder topology will be modified. The fault type can be classified into symmetrical
faults (3 phase fault) and unsymmetrical faults which includes single line to ground
fault, double line to ground fault, line to line fault etc. An algorithm will be executed
depending upon the type of fault and the power analysis at each node of the distribution feeder will determined the voltages and currents and try to maintained within
the specified limits. In order to execute the power flow analysis the system most
accurately, each component connected in the distribution feeder should be analyzed
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in more detail. This includes three phase transformers with various types of connection, composite loads, single, two and three phase unbalanced systems and effects
due to voltage regulators and shunt capacitors. The simulated results obtained from
power flow analysis are validated with the SCADA measurements before the tripping
of the distribution feeder takes place. The incremental process continues till the next
fault type is detected. The first iteration will detect if there are any other faults. If
the fault is detected, again the process of topology modification, power flow analysis
and comparison with the SCADA results will be carried out. The second iteration
loop will verify whether the fault has occurred in the branch out and is the values of
fault voltages and currents are consistent with the values of the voltages and currents
obtained from the power flow analysis. If they are not consistent then increment the
distance till the values become consistent. The third and the final loop will check
whether the whole feeder is scanned for possible fault location. If the complete feeder
is not scanned then the loop will increment the distance to carry out the process of
estimation of fault distance. At the end of the feeder, the program will generate a
list of potential fault locations.

4.3

Proposed Flowchart

The proposed flowchart for the determination of exact fault location is shown in
Fig. 4.3. The first step is to define I ref value obtained from the meters, Cerror
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as 999, start perc as 0 and end perc as 1. For the 25% and 75% fault location
variables A and B are determined which are maximum absolute values of currents.
These values A and B are calculated using power flow analysis. After the condition
for CError is determined, fault percentage is calculated by assuming the average
of start perc and the ending perc. The values current at each node is calculated
using power flow analysis. As the distance increases the value of current can increase
or decrease. Depending on this condition, the endingperc and the start perc are
determined. Once the ending perc and start perc are determined the final exact fault
location is calculated the averaging the start and end perc respectively.

4.4

Simulation Results

In order to determine the exact location of fault three cases are simulated using
MATLAB ®programming depending on the topology reconfiguration. This numerical experience includes variation of topological configuration, location of where the
presumed fault would be in the simulation studies.
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Figure 4.3: Flowchart for determination of exact fault location for bidirectional power flow
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4.4.1

Case 1: Perfect Radial Network Setup

This topology consists of 8 nodes and 7 switches where the switches and the respective lines are connected topologically. Breakers and recloser are equipped with the
relay. Under normal operating condition, the breaker is used to energized the feeder.
The source is considered at node 1 and three phase loads are connected to all remaining 7 nodes. Distributed energy sources (DER) are connected to nodes 3,5 and
7 respectively. These sources are considered negative sources during analysis purpose
as shown in Fig. 4.4.

Figure 4.4: A case for determination of exact fault location with integration
of DER’s
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Analysis of Three-Phase-to-Ground (LLLG) Fault

The system explained in case 1 is simulated for three phase to ground fault in which
a fictitious node (node 9) is created between nodes 2 and 3 which is assumed to be
at a distance of 40% from node 2 and 60% from node 3 of the total distance between
these nodes. The fault resistance of 40 Ω is presumed. The initial voltage at node
9 is enforced as the average of the initial source voltage for the first iteration and
due to this the final voltages on each phase of node 9 are equal in magnitude and
angle which are shown in Table 4.1. The backward-forward sweep method continues
until the mismatch occurs between the new and the previous iterations in the load
voltages is within the specified tolerance. The final iteration results of voltages and
load currents at each nodes are depicted in Table 4.1.
Table 4.1
Node Voltages and Currents in Three Phase to Ground Fault for Case 1
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Analysis of Three-Phase(LLL) Fault

In this case, the system in case 1 is simulated for three phase fault. As explained
previously, a fictitious node 9 is created between nodes 2 and 3 respectively. The
fault resistance is assumed to be 10 Ω. The final voltages and currents at each node
obtained in the final iteration are shown in Table 4.2.
Table 4.2
Node Voltages and Currents in Three Phase Fault for Case 1

Analysis of Double-Line-to-Ground (LLG) Fault

For double line to ground fault, case 1 is simulated with the assumption of fault
resistance to be 40 Ω. The initial voltage at node 9 for phases a and b is enforced
as the average of the initial source voltage for the first iteration and due to this the
final voltages on phases a and b of node 9 are equal in magnitude and angle which
are shown in Table 4.3.
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Table 4.3
Node Voltages and Currents in Double Line to Ground Fault for Case 1

Analysis of Double-Line (LL) Fault

For double line fault, case 1 is simulated with the assumption of fault resistance to
be 10 Ω. The initial voltage at node 9 for phases a and b is enforced as the average
of the initial source voltage for the first iteration and due to this the final voltages on
phases a and b of node 9 are equal in magnitude and angle. The final voltages and
currents at each nodes are depicted in Table 4.4.
Table 4.4
Node Voltages and Currents in Double Line Fault for Case 1
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Analysis of Single-Line-to-Ground (SLG) Fault

In this case, the system in case 1 is simulated for single line to ground phase fault. As
explained previously, a fictitious node 9 is created between nodes 2 and 3 respectively.
The fault resistance is assumed to be 40 Ω. For the first iteration, voltages at node 9
is not enforced as carried out for the previous cases. The final voltages and currents
at each node obtained in the final iteration are depicted in Table 4.5.
Table 4.5
Node Voltages and Currents in Double Line Fault for Case 1

Analysis of Exact Fault Location

For the analysis purpose,first, a bisection search algorithm has been employed. Second, an incremental adjustment to match the simulated current of fault with the measurements is conducted. Finally, the sensitivity analysis of a search can be improved
with the proposed algorithm that leads to matching of telemetered and calculated
values as depicted in Table 4.6.

110

Table 4.6
Determination of Exact Location of Fault for Case 1

4.4.2

Case 2: Equal Distance Branchout Test Feeder

This topology consists of 18 nodes and 17 switches where the switches and the respective lines are connected topologically. Breakers and recloser are equipped with the
relay. Under normal operating condition, the breaker is used to energized the feeder.
The source is considered at node 1 and three phase loads are connected to all remaining 17 nodes. For analysis purpose, the distributed energy sources are considered at
nodes 2 and 3 respectively.
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Figure 4.5: A case for determination of exact fault location with integration
of DER’s

Analysis of Three-Phase-to-Ground (LLLG) Fault

The system explained in case 2 is simulated for three phase to ground fault in which
a fictitious node (node 19) is created between nodes 2 and 3 which is assumed to be
at a distance of 40% from node 2 and 60% from node 3 of the total distance between
these nodes. The fault resistance of 40 Ω is presumed. The initial voltage at node
19 is enforced as the average of the initial source voltage for the first iteration and
due to this the final voltages on each phase of node 19 are equal in magnitude and
angle which are shown in Table 4.7. The backward-forward sweep method continues
until the mismatch occurs between the new and the previous iterations in the load
voltages is within the specified tolerance. The final iteration results of voltages and
load currents at each nodes are depicted in Table 4.7.
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Table 4.7
Node Voltages and Currents in Three Phase to Ground Fault for Case 2

Analysis of Three-Phase (LLL) Fault

In this case, the system in case 2 is simulated for three phase fault. As explained
previously, a fictitious node 19 is created between nodes 2 and 3 respectively. The
fault resistance is assumed to be 10 Ω. The final voltages and currents at each node
obtained in the final iteration are shown in Table 4.8.

Analysis of Double-Line-to-Ground (LLG) Fault

In this case, the system in case 2 is simulated for three phase fault. As explained
previously, a fictitious node 19 is created between nodes 2 and 3 respectively. The
fault resistance is assumed to be 40 Ω. The final voltages and currents at each node
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Table 4.8
Node Voltages and Currents in Three Phase Fault for Case 2

obtained in the final iteration are shown in Table 4.9.
Table 4.9
Node Voltages and Currents in Double Line to Ground Fault for Case 2
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Analysis of Double-Line (LL) Fault

For double line fault, case 2 is simulated with the assumption of fault resistance to
be 10 Ω. The initial voltage at node 19 for phases a and b is enforced as the average
of the initial source voltage for the first iteration and due to this the final voltages on
phases a and b of node 19 are equal in magnitude and angle. The final voltages and
currents at each nodes are depicted in Table 4.10.
Table 4.10
Node Voltages and Currents in Double Line Fault for Case 2

Analysis of Single-Line-to-Ground (SLG) Fault

In this case, the system in case 2 is simulated for single line to ground phase fault. As
explained previously, a fictitious node 19 is created between nodes 2 and 3 respectively.
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The fault resistance is assumed to be 40 Ω. For the first iteration, voltages at node 19
is not enforced as carried out for the previous cases. The final voltages and currents
at each node obtained in the final iteration are depicted in Table 4.11.
Table 4.11
Node Voltages and Currents for Single Line to Ground Fault for Case 2

Analysis of Exact Fault Location

For the analysis purpose,first, a bisection search algorithm has been employed. Second, an incremental adjustment to match the simulated current of fault with the measurements is conducted. Finally, the sensitivity analysis of a search can be improved
with the proposed algorithm that leads to matching of telemetered and calculated
values as depicted in Table 4.12.
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Table 4.12
Determination of Exact Location of Fault for Case 2

4.4.3

Case 3: Distance Branching from a Common Node

This topology consists of 12 nodes and 11 switches where the switches and the respective lines are connected topologically. Breakers and recloser are equipped with the
relay. Under normal operating condition, the breaker is used to energized the feeder.
The source is considered at node 1 and three phase loads are connected to all remaining 11 nodes. For analysis purpose, the distributed energy sources are considered at
nodes 2,3,6,8,10 and 12 respectively.
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Figure 4.6: A case for determination of exact fault location with integration
of DER’s

Analysis of Three-Phase-to-Ground (LLLG) Fault

The system explained in case 3 is simulated for three phase to ground fault in which
a fictitious node (node 13) is created between nodes 2 and 3 which is assumed to be
at a distance of 40% from node 2 and 60% from node 3 of the total distance between
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these nodes. The fault resistance of 40 Ω is presumed. The initial voltage at node
13 is enforced as the average of the initial source voltage for the first iteration and
due to this the final voltages on each phase of node 13 are equal in magnitude and
angle which are shown in Table 4.13. The backward-forward sweep method continues
until the mismatch occurs between the new and the previous iterations in the load
voltages is within the specified tolerance. The final iteration results of voltages and
load currents at each nodes are depicted in Table 4.13.
Table 4.13
Node Voltages and Currents in Three Phase to Ground Fault for Case 3

Analysis of Three-Phase(LLL) Fault

In this case, the system in case 3 is simulated for three phase fault. As explained
previously, a fictitious node 13 is created between nodes 2 and 3 respectively. The
fault resistance is assumed to be 10 Ω. The final voltages and currents at each node
obtained in the final iteration are shown in Table 4.14.
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Table 4.14
Node Voltages and Currents in Three Phase Fault for Case 3

Analysis of Double-Line-to-Ground (LLG) Fault

In this case, the system in case 3 is simulated for three phase fault. As explained
previously, a fictitious node 13 is created between nodes 2 and 3 respectively. The
fault resistance is assumed to be 40 Ω. The final voltages and currents at each node
obtained in the final iteration are shown in Table 4.15.
Table 4.15
Node Voltages and Currents in Double Line to Ground Fault for Case 3
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Analysis of Double-Line (LL) Fault

For double line fault, case 3 is simulated with the assumption of fault resistance to
be 10 Ω. The initial voltage at node 13 for phases a and b is enforced as the average
of the initial source voltage for the first iteration and due to this the final voltages on
phases a and b of node 13 are equal in magnitude and angle. The final voltages and
currents at each nodes are depicted in Table 4.16.
Table 4.16
Node Voltages and Currents in Double Line Fault for Case 3

Analysis of Single-Line-to-Ground (SLG) Fault

In this case, the system in case 3 is simulated for single line to ground phase fault. As
explained previously, a fictitious node 13 is created between nodes 2 and 3 respectively.
The fault resistance is assumed to be 40 Ω. For the first iteration, voltages at node 13

121

is not enforced as carried out for the previous cases. The final voltages and currents
at each node obtained in the final iteration are depicted in Table 4.17
Table 4.17
Node Voltages and Currents for Single Line to Ground Fault for Case 3

Analysis of Exact Fault Location

For the analysis purpose,first, a bisection search algorithm has been employed. Second, an incremental adjustment to match the simulated current of fault with the measurements is conducted. Finally, the sensitivity analysis of a search can be improved
with the proposed algorithm that leads to matching of telemetered and calculated
values as depicted in Table 4.18.
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Table 4.18
Determination of Exact Location of Fault for Case 3

4.5

Conclusion

This chapter provides a groundwork on reversal from a presumed location and different types of faults to determine the exact location of fault in bidirectional flow
of power in distribution feeders. This chapter explores a modern algorithm called
the bisection method and incremental distance to detect the exact location of the
fault. The advantage of this method is that reduces the time for fault detection and
increases the overall reliability of the system. Also this method gives more accurate
results in bidirectional power flow rather than in unidirectional power flow. Exact location of fault was carried out on radial distribution system as well as on distribution
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system consisting of laterals and sub laterals.
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Chapter 5

Concluding Remarks and Future
Work

This thesis has demonstrated the candidatures of exact fault locations established
from the existing analytical methods as well as in creating the applications on distribution management system (DMS). Determination of exact fault location is critical
for the utility crew to restore the supply in a timely matter. Reliability of the distribution grid relies on reducing outage time and affected customers connected to the
distribution feeder. This thesis attempts to provide a groundwork on reversal from a
presumed location and fault types in determining candidate locations of a distribution feeders. Unlike in transmission grid, research has been carried out for the exact
fault location in transmission systems which includes methods such as travelling wave
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based scheme and harmonics based scheme. This thesis advances the procedure to
determine the exact fault location in distribution feeder with radial system as well as
with laterals and sub laterals. A systematic approach to determine the exact fault
location is proposed based on the status of the fault indicators and the tripping condition of the recloser of the circuit breaker. A bisection search algorithm has been
employed with the incremental distance adjustment to compare the fault currents
with the actual currents in unidirectional and bidirectional flow of power. Several
ideas can be explored as future work based on the work from this thesis:

1. Analysis of different types of fault at different location with parallel feeders.
2. Effectiveness of this method with another existing methods for determination
of exact fault location in distribution feeders.
3. Incorporation of utility data to study the behaviour of the system.
4. Determination of exact location of fault using geographical information system
(GIS) which includes latitude and longitudes and the shortest distance to reach
to the fault location.

There could be a great potential of research thrusts intersecting with transportation
engineering where the geographical locations of roads and electrical distribution grid
would overlap for optimizing the locations of search by utilizing the time search based
on traffic conditions and strategies that may expedite the search and pinpoint the true
126

location of fault, resulting in saving search time.

The notion of resilience has been widely promoted in recent years. The foundation
of this work would provide a more robust way to search topologically and can be
extended to multiple events that may occur within a distribution network. Coordination among all sensing information can be challenging because communication
may be not available during the time of extreme events. This work can be further
investigated by introducing drones in helping to find out the physical structure in the
aftermath of extreme events. It is believed that transportation and power engineering
network paradigms may converge.
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